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ABSTRACT 
To investigate the meciianism of Tnd76-depenclent mobilization of plasmids 
donors were grown in the presence and absence of tetracycline in the mating 
medium. The pregrowth of donor in medium containing tetracycline increased 
conjugative transposition of Tr\916 and the transposon-dependent mobilization of 
pC194 19- to 119-fold in matings between Bacillus subtilis and Bacillus 
thuringiensis subsp. israelensis. Tn916 and pC194 transferred independently 
under these conditions. During inter-species matings using isogenic strains, the 
transfer of TnS^^and plasmid pE194 was detected at a frequency of 1.4 x 10*5 and 
3,2 X 10'7 transconjugants/donor. Similar frequencies were observed for Tn925-
dependent pE194 mobilization. The process of plasmid mobilization by Tn976 and 
Tn925 is a rec-independent. Neither transposon was able to transfer the plasmid 
pC194 from the recipient (B. thuringiensis) to the donor containing a single 
chromosomal insertion of the conjugative transposon ( B. subtilis). Both plasmids 
pUBHO and PUBIIOAm (a mob' derivative of pUBIIO) were mobilized by Tn916. 
The data suggest that conjugal and mobilizing functions are enhanced by the 
presence of tetracycline. The mobilization of pC194 does not occur by the 
complete mixing of the cytoplasm between the donor and the recipient cells. The 
data also suggest that mobilization of plasmids by Jr\916 does not require a 





Conjugal dissemination of antibiotic resistance genes has been studied for 
many years. It has been widely accepted that conjugal dissemination of antibiotic 
resistance genes occurs between closely related bacteria and that the process 
involves the transfer of plasmids (R factors) encoding antibiotic resistance. This 
observation remains true today. Recently, however, Frank and Clewell (1981) 
identified a conjugative transposon 1^916 that is capable of conjugal transfer 
between bacteria. Jr\916, and its related conjugative transposons, encode 
resistance to tetracycline and are able to transfer between distantly related bacteria 
(Clewell and Flannagan, 1994). In addition to its own transfer, Nagiich and 
Andrews (1988b) demonstrated Tn^^S-dependent transfer of plasmids encoding 
resistance to chloramphenicol and kanamycln. 
The dissemination of antibiotic resistance genes possesses a potential 
world wide health problem. As bacteria become resistant to more antibiotics, 
antibiotic therapy becomes more and more futile. One method for ensuring that 
antibiotic therapy will be an effective procedure for disease control is to constantly 
rediscover novel antibiotics. Another method is to study the mechanisms involved 
in the dissemination of antibiotic resistance genes and then use the knowledge to 
control the dissemination process itself. 
The objective of this research is to study the mechanism by which Tn916 
mobilizes plasmids encoding antibiotic resistance. The knowledge gained from 
this study will contribute to the understanding of the mechanism of ln916-
2 
dependent plasmid transfer and may eventually provide a means for controlling the 
dissemination of antibiotic resistance genes. 
Dissertation Organization 
The research data in this dissertation are presented in the fonn in which they 
are to be submitted for publication. Chapter 2 has been published in the journal 
Plasmid. Chapter 3 has been submitted for publication in the journal Plasmid and 
Chapter 4 of this dissertation will be submitted to the journal Plasmid for 
publication. The literature review section (Chapter 1) preceding the papers is 
intended to provide a general understanding of the various gene transfer 
processes. These subject matters in themselves are very complex and one of the 
intentions of the literature review is to present a simplified overview of the concepts 
involved in the various gene transfer processes. When available the reader is 
directed to literature citations (listed at the end of the dissertation) that will provide a 
much more in depth review of the subject. Following the last paper is a general 
conclusions chapter that includes a summary of the research results and possible 
future research in the area of Tn5)6-mediated plasmid transfer. 
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CHAPTER 1. LITERATURE REVIEW 
Genetic Variability 
Genetic variability in bacteria occurs by two general methods. One of the 
methods, referred to as a mutation, involves the physical change in the host 
deoxyribonucleic acid (DNA). Mutations in DNA can be produced in several ways. 
Mutations can be induced by environmental factors such as ultraviolet light, 
chemical reagents such as nitrosoguanidine, insertions of DNA sequences into 
host DNA, or they can occur spontaneously as a result of errors introduced into the 
DNA by the error-prone DNA replication mechanism (Neidhardt et al., 1990). 
The second method by which genetic variability occurs is by processes that 
result in the acquisition of new genetic information by the bacterium. These 
processes include transduction, transformation, and conjugation. All these 
processes that acquire new genetic information result in the change of the genetic 
makeup of the bacterium, and are therefore responsible for providing genetic 
variability among bacteria. 
Transduction 
Transduction is genetic exchange between bacteria mediated by 
bacteriophages. Therefore, transduction is characterized as being resisitant to 
DNAse and occurs readily in liquid culture. Bacteriophages that mediate 
transduction are called transducing bacteriophage, or transducing particles 
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(Freifelder, 1987). The process of transduction was first observed by Zinder and 
Lederberg (1952). 
There are two types of transduction mechanisms and therefore there are two 
types of transducing particles. 
One of the transduction processes is called generalized transduction. In 
generalized transduction, the genetic exchange of DNA segments occurs as a 
result of errors in the packaging mechanism of phage DNA into the transducing 
particle. Bacteriophage P22 is one type of phage that mediates the genetic 
exchange by the generalized transduction process (Masters, 1985). The viral 
replication mechanism involves the formation of concatamers containing phage 
DNA. The concatamers contain specific sites, called pac sites, that are recognized 
and cleaved by the phage-encoded nucleases. The resultant DNA is packaged 
into developing phage heads starting from the cleaved end. This headfull 
packaging mechanism results in the amount of DNA packaged which usually 
exceeds the phage genome length by about 2% (Neidhardt et al., 1990). Most 
often phage DNA is packaged into phage heads. However, when the host DNA 
contains sites similar to phage pac sites then host DNA is susceptible to cleavage 
by phage-encoded nucleases. Cleavage of host DNA at pac-like sites results in 
the packaging of host DNA into phage heads and the formation of a transducing 
phage (Masters, 1985; Neidhardt et al., 1990). Genetic exchange occurs when this 
transducing particle infects a new host and the DNA from the previous host is 
incorporated into the genome (Neidhardt et al., 1990). Because the pac-like sites 
may be distributed randomly along the host chromosome, the transfer of genes 
occurs randomly. 
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The second type of transduction process is called specialized transduction. 
The most thoroughly studied specialized transduction process is that of phage 
lambda (X.) (Hendrix et al., 1983). In this type of transduction, genetic exchange of 
DNA occurs as a result of an error-prone mechanism for phage excision from the 
host genome. Under nomnal conditions when excision of phage X, is induced, the 
excisionase, encoded by X, excises phage DNA from the host DNA. However, at 
low frequencies, the excision of X occurs in an imprecise manner. Instead of 
excision of only the lambda DNA integrated into the host, adjacent host DNA may 
by excised along with the phage DNA (Hendrix et al., 1983; Neidhardt, et al., 1990). 
The host DNA segment that is excised with X. DNA usually involves the bio or gal 
genes. The excised phage X DNA containing the host DNA fragment undergoes 
replication by the rolling circle mechanism and is packaged into assembling 
phage. When the host DNA is packaged into lambda phage with lambda DNA, the 
phage is termed a specialized transducing phage. Genetic exchange occurs when 
the specialized transducing phage infects a new host and phage DNA together 
with DNA from the previous host {bio or gal genes) is integrated into the genome of 
the infected host. (Hendrix et al., 1983). 
Transforination 
Transformation is a process by which bacteria Internalize and incorporate 
DNA from the environment. This incorporation of DNA into the host chromosome 
provides a source of new genetic information. The process of transformation was 
first observed by Griffith in 1928, however it was McCarty and Avery who 
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conclusively demonstrated that the transforming particle was DNA (for historical 
review see; Stewart, 1989). 
Transformation systems of Bacillus subtllls, Streptococcus pneumoniae, 
Haemophilus Influenzae, and Neisseria gonorrhoeae are the most thoroughly 
studied (for review see references; Smith et al., 1981; Stewart, 1989; Dubnau, 
1991; Lorenz and Wackernagle, 1994). 
Bacillus subtllls Transformation Process 
During growth, Bacillus subtilis, excretes a soluble competence factor which 
accumulates in the medium overtime (Bott and Wilson, 1967; Dooley et al., 1971; 
Ayad and Shimmin, 1974). As the competence factor accumulates, it reaches a 
critical concentration during the late logarithmic to early stationary phases of 
growth. During that stage of growth B. subtilis cells gradually become competent 
for transformation. Approximately 10-20% of the population become competent 
(Smith et al., 1981); each competent cell has approximately 50 DNA binding sites 
on its surface (Singh, 1972). When double stranded DNA binds to these sites, 
degradation of a single strand of DNA takes place by the nucleases present near 
the binding sites while the other DNA strand is taken up into the cell. Once the 
single strand of DNA is transferred into the cell the single strand is then 
incorporated into the host genome by the host recombination system (Smith et al., 
1981, and Stewart, 1989 ; Venema, 1979 ; Michel et al., 1982). Ehrlich, (1978) 
demonstrated that unrelated plasmid DNA can be taken up by the process of 
transformation in competent B. subtilis. Transformation of B. subtilis competent 
cells with linear single-stranded DNA molecules occurs very inefficiently (Canosi et 
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al., 1978). Multimers of covalently closed circular (ccc) DNA transform B. subtilis at 
a much greater efficiency than monomer (ccc) DNA (Canosi et al., 1978). 
Haemophilus influenzae Transformation Process 
Competence of Haemophilus Influenzae develops as a result of 
environmental changes that shift the culture Into an unbalanced growth. A soluble 
factor similar to the competence factor observed in B. subtilis has not been 
demonstrated in H. influenzae (Smith et al., 1994). Once induced, however, 100% 
of the cell population becomes competent for transformation with DNA (Lorenz, and 
Wackernagel, 1994). Competent H. influenzae have 3-8 sites per cell that bind 
double or single stranded DNA (Postel and Goodgal, 1966; Deich and Smith, 
1980). These binding sites occur on the membrane vesicles called 
transformasomes which are the sites for the transformation of competent H. 
influenzae (Kahn et al., 1983). Competent cells are capable of transformation only 
by homologous or closely related DNA. The reason for this is that there is a 
requirement for the recognition of an 11 bp nucleotide fragment of DNA on the 
transfomning DNA for successful binding to occur. Approximately 600 copies of this 
11 bp nucleotide fragment are located around various locations of the 
Haemophilus chromosome (Sisco and Smith, 1979; Danner et al., 1982). The 
bound homologous double stranded DNA is then taken up into the 
transformasomes where degradation of one strand of DNA occurs by nucleases. In 
the mean time, the other complementary strand is transported into the cell. Once 
inside the cell, recombination of the single stranded DNA with the host DNA takes 
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place resulting in the incorporation of the DNA fragment into the host genome 
(Kahn et al., 1983). 
Genetic variability is more limited in the Haemophilus transfomnation system 
than that of the Baciilus transfomnation system because of the requirement in the 
Haemophilus system for homologous or closely related DNA for the natural 
transfomnation process. Only DNA sequences which contain the 11 bp nucleotide 
fragment recognized by the binding sites present on the transformasomes are 
internalized. 
Conjugation 
Conjugation is the process of genetic exchange requiring cell-to-cell contact. 
Conjugation was originally described by Lederberg and Tatum (1946). The 
conjugation event was originally observed between strains of Escherichia coll. 
Since then, however, conjugation has been observed in many bacterial taxa. The 
conjugation process has been observed to occur between Gram-negative bacteria 
(Olsen and Shipley, 1973), between Gram-positive bacteria (Schaberg and Zervos, 
1986; Sasaki et al., 1988), between Gram-positive and Gram-negative bacteria 
(Trieu-Cuot et al., 1987; Gormley and Davis, 1991), and between members of the 
Archeobacteria (Rosenshine et al., 1989). Conjugation has also been observed 
between prokaryotic and eukaryotic organisms (Buchanan-Wollaston et al., 1987; 
Heinemann and Sprague, 1989). 
Conjugation systems can be divided into three general groups based on the 
mechanism of transfer (Ippen-lhler and Maneewannakul, 1991). One of the 
9 
conjugation mechanisms typified by the F plasmid of E. coli requires cell-to-cell 
contact mediated by the formation of surface filaments called pili (Bradley, 1980). 
The second type of conjugation system also requires cell-to-cell contact. 
However, this type of conjugation requires the participation of sex pheromones 
which induce the aggregation of cells for DNA transfer. This type of conjugation 
process Is characteristic of the conjugation system described for Enterococcus 
faecalis (Clewell and Brown, 1980), Because E, faecalis, as with other Gram-
positive bacteria do not have pili, these structures are not involved. 
The third type of conjugation system, also pili-independent, does not require 
the production of products analogous to the sex pheromones for cell-to-cell contact. 
The conjugation process is mediated by the recently discovered class of 
transposons called conjugative transposons (Franke and Clewell, 1981). 
Gram-Negative Conjugation: Tlie F lUlodel 
The F-mediated conjugation system of E. coli is the most thoroughly studied 
conjugation system (for a review see references: Ippen-lhler and Minkley, 1986; 
Willets and Skurray, 1987b; Ippen-lhler and Skurray, 1994). Thus F-mediated 
conjugation system serves as the paradigm for conjugation systems. 
The F plasmid (ICQ kb) devotes roughly one-third of its genetic capacity to 
transfer functions (Willets and Skurray, 1987a). These transfer functions are 
encoded for by 37 tra genes (Willets and Skurray, 1987a; Ippen-lhler and 
Maneewannakul, 1991; Ippen-lhler and Skurray, 1994). The expression of tra 
genes is regulated by f/nP, finO and traJ gene products. TraJ protein has been 
identified as a positive control agent that is under the regulation of finP and finO 
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gene products (Cuozzo and Silvemrian, 1986; Finley et al., 1986; Frost et al., 1989; 
Ippen-lhler and Skurray, 1994). The expression of traJ is inhibited by a cumulative 
action of finP and finO products. Interestingly, the discovery of F-mediated 
conjugation was a result of the aberrant insertion of an insertion sequence (IS3) 
into the finO gene(Cheah and Skurray, 1986; Yoshioka et al., 1987). The 
insertional inactivation of finO gene results in the constitutive expression of fraJ. 
With constitutive expression of traJ, the F plasmid transfer was derepressed. 
Without the finO and finP gene products, expression of traJ induces downstream tra 
genes. Pili are required for F conjugation and at least 15 tra gene products are 
involved in the synthesis and assembly of the F pllus (Wu et al., 1987; Moore et al., 
1981; Maneewannakul et al., 1991; Moore et al., 1993). The function of F pilus is to 
provide the initial physical contact with a recipient cell and to form an aggregation 
between the donor and recipient cells (Manning and Achtman, 1979; Willetts and 
Skurray. 1984). After the initial contact has been made between the donor and the 
recipient, the cells are brought together into closer contact via F-mediated 
processes. Although evidence has suggested that the DNA transfer can take place 
through the extended F pilus (Ou and Anderson, 1970; Harrington and Rogers, 
1990), the current model proposes the retraction of the F pilus by degradation, 
resulting in the cell wall-cell wall contact, and the transfer of DNA takes place 
through the pores generated between the donor and the recipient cells (Achtman et 
al., 1978; Durrenberger et al., 1991). Once the cells are in contact the mating pair 
is stabilized through the action of gene products from fraN and traG genes and 
pcsssibly including OmpA protein located in the outer membrane of £ coli (Achtman 
et al., 1978; Manning et al., 1981; Manoil and Rosenbusch, 1982; Firth and 
Skurray, 1991; Maneewannakul et al., 1991). 
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After the mating pairs have been formed and stabilized the transfer of F 
plasmid occurs through the concerted action of numerous tra products (for review 
see reference; Will<ins and Lanl<a, 1994). The transfer process begins with a 
formation of a relaxasome (Furste et al., 1989) through the action of a relaxase 
(fraY, tra\ and possibly other unidentified gene products) at the origin of transfer site 
(or/T) (Thompson et al., 1984). The fral gene product has been shown to contain 
nicking activity and helicase activity (Everett and Willetts, 1980; Abdel-Monem et 
al., 1983). Tral remains covalently attached to the 5' end of the nicked or/T site. 
The relaxasome is located near the DNA transfer pore. Through the action of ATP-
dependent helicase activity of Tral the DNA begins to unwind a single strand of 
DNA (Abdel-Monem, 1983). The strand to be transferred is escorted to the 
recipient through the conjugal pore by the participation of plasmid encoded 
proteins (Wilkins and Lanka, 1994). Transfer of Tral from the donor to the recipient 
is not detected during the conjugation process (Rees and Wilkins, 1990). Willetts 
and Skurray (1987b) suggested that after nicking of the F plasmid the transfer 
proteins remain associated with the 5' oriT and 3' ends holding them at the 
conjugal pore and the reversal of the nicking process would religate the DNA to 
form a covalently closed circular DNA molecule. Host replication enzymes are 
responsible in synthesizing the complementary strands (Higara and Saitoh, 1975; 
Willets and Skurray, 1987b). The process results In the transfer of a functional F 
plasmid from the donor to the recipient. Expression of traS and traJ genes allows 
for the formation of surface exclusion proteins that bar further entry of F or F-like 
plasmids (Jalakakumari et al., 1987; Willets and Skurray, 1987b). 
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Gram-Positive Conjugation: The Sex Pheromone Model 
Because Gram-positive bacteria do not iiave pili, Gram-positive conjugation 
is pili-independent. There remains however, the requirement for cell-to-cell 
contact. The most thoroughly studied Gram-positive conjugation system is the 
pheromone mediated system of Enterococcus faecalis (for a review see; Clewell, 
1994). There are Gram-positive conjugation systems that are not pheromone-
dependent (Horodniceanu et al., 1976; Battisti et al., 1985; Projan and Archer, 
1989). These systems are in an early stage of understanding and therefore will not 
be discussed herein. 
The plasmid-mediated pheromone response of Enterococcus was first 
reported by Jacob and Hobbs (1974) after noticing the transfer of an R plasmid and 
a hemolysin/bacteriocin plasmid in broth. Since, several pheromone-dependent 
systems have been isolated and characterized (Clewell, 1994). Plasmid pADI 
may be the best characterized pheromone-dependent conjugation system in Gram-
positive bacteria. 
pADI (60 kb) encodes for the pheromone induced conjugation response in 
Enterococcus faecalis (Ehrenfeld and Clewell, 1986; Clewell et al., 1987). Many 
non-plasmid bearing enterococci contain chromosomally located genes that 
encode production of small polypeptide molecules called sex pheromones (Dunny 
et al., 1979). The presence of such sex pheromones in the environment is detected 
by pheromone inducible plasmids which reside in the donor cells. In the pADI-
mediated pheromone-dependent system, the traC region of pAD1 is responsible in 
sensing the presence of sex pheromone cADI in the environment (Ehrenfeld and 
Clewell, 1987). When cADI is present in the environment it causes the induction of 
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plasmid pADI encoded functions. One of these functions is the production of a 
proteinacious aggregation substance which is exposed on the surface of the cell 
(Yagi et al., 1983; Wanner et al., 1989). Aggregation substance present on the cell 
surface of the donor binds with the binding substance present on the surface of the 
recipient cell, bringing the cells into close contact and stabilizes the mating pairs 
(Trother and Dunny, 1990). The transfer of pADI then proceeds from the donor to 
the recipient. Little is known regarding mechanism of DNA transfer. When pAD1 
establishes in the recipient, the expression of pAD1 gene iad produces an inhibitor 
that blocks cAD1 synthesis and thus further aggregation induced by iADI (Cleweli 
et al., 1987). 
Conjugative Transposons 
The third type of conjugative process involves the cell-to-cell contact 
mediated by the conjugative transposons. This mechanism involves neither the 
formation of pili nor the presence of sex pheromones. Conjugative transposons 
have been identified in Gram-positive and Gram-negative bacteria (for a review 
see references; Cleweli and Flanagan, 1994; Marcina, 1994). The most thoroughly 
studied conjugative transposons are Tr\916 (Flanagan and Cleweli, 1981) and 
Tn 7545 (Buu-Hoi, 1985; Courvalin and Carlier, 1987) and thus far the differences 
observed between the two elements seem to be only in the genes coding for the 
antibiotic resistance. Therefore conjugative transposon Tn916 will serve as the 
model to describe the mechanism by which these conjugative transposons transfer 
between the donor and recipient cells. 
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Tnd75 (18 kb, fe/M) was originally identified in Enterococcus faecalis DS 
(Flannagan and Clewell, 1981; Flannagan et al., 1994). Tn976-dependent 
conjugal transfer was observed not only between different species of bacteria but 
also between different genera as well (Naglich and Andrews, 1988a, b; Sen and 
Oriel, 1990; Clewell, 1994). Interestingly, the transfer of Tn916 appears to be 
unaffected by recipient restriction systems. Guild et al., (1982) demonstrated that, 
during matings between Streptococcus pneumoniae strains, the transfer of a 
conjugative plasmid was sensitive to the restriction enzyme Dpnl, whereas the 
transfer of the transposon (Tn 7545) was not, even though the transposon was 
sensitive to Dpnl in vitro. The observation was interpreted to mean that the transfer 
of the conjugal transposon occurred by the single strand mechanism similar to the 
mechanism obsen^ed in F-mediated conjugation. Because single stranded DNA is 
resistant to restriction enzymes it was reasoned that transfer resulted in the 
introduction of a single stranded DNA in the recipient (Brinkle and Keuger, 1993). 
Recently, Flanagan et al., (1994) demonstrated that an open reading frame in 
Tr\916 encodes a product with similarities to the antirestrictlon proteins Ard of 
plasmid Collb-P9 and ArdA of pKMIOI. It is therefore possible that Tr\91Gs ability 
to evade host restriction systems results from antirestrictlon like proteins rather than 
single-stranded transfer. 
Conjugative transfer of Tn916 proceeds by rec-independent excision of 
Tn916 from the donor DNA and fomnation of a covalently closed non-replicating 
circular intermediate (Scott et al., 1988). The intermediate may then, (a) reinsert 
into a same or different site on the chromosome, (b) transfer to a different cell, or (c) 
be lost due to segregational instability. The excision of Tn976 from the 
chromosome requires the /nf and xis gene products (Su and Clewell, 1993). 
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Caparon and Scott (1989), proposed a model by which Jn916 excises from the 
chromosome. In the model, staggered nicks are made about 6 bases 3' of the 
transposon end and flush with the 5' end of the transposon. The 6 bases from the 
3' end of the transposon comprise the "coupling sequences" when the excised 
transposon recirculizes. Because the 6 bases do not complement each other the 
"coupling sequence" region forms a heteroduplex. The heteroduplex region is 
resolved upon the replication of the Tn916 element after integration into a new site. 
Recently, Scott et al., (1994) proposed that the resolution of the heteroduplex 
region of the excised Tn916 element may be the result of a single stranded transfer 
mechanism of Tn916. It is likely that host factors are also involved in the excision 
of Tr]916. Bringel et al., (1991) observed that after Tn916 was introduced into 
Lactobacillus lactis subspecies lactis it was unable to excise and they speculated 
the requirement for a host factor. 
The reo-independent integration of Tn916 is believed to occur by the reverse 
of the excision process. However, Bringel et al., (1992) demonstrated that the Int is 
either not required for the insertion of Tn9t6 into the recipient after conjugation or 
that the Int is transferred during the process. Tn916 appears to insert at preferential 
targets which are A-T rich (Scott et al., 1994). The preferred sites contain a string of 
T-bases and a string of A-bases separated by six bases. The preference for 
integration sites is also reflected in the observations of Jaworski and Clewell, 
(1994). They observed that the coupling sequences (detemnined by the integration 
sites) had a determining effect on the rate of excision of Tn916 from the target. 
Undoubtedly the function of Int and Xis are determined by the coupling sequences. 
In addition to the conjugal transfer of Tn916, IMaglich and Andrews (1988b) 
observed Tn9T6-dependent conjugal transfer of plasmids pC194 and pUBIIO. 
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Transfer Of Non-Conjugative Plasmids 
The mobilization of non-conjugative plasmids can occur by the processes of 
conduction or donation (Clark and Adelberg, 1962). Conduction is a process in 
which the transfer of a non-conjugative plasmid is accomplished by the physical 
association between the conjugative and non-conjugative plasmid. Thus 
mobilization by conduction involves the formation of cointegrate structures. 
Moreover, the transfer of plasmids is detected at lower frequencies when 
mobilization of plasmids involves conduction than when plasmids are mobilized by 
donation (as reviewed by; Reimman and Hass, 1994). As the cointegrate forms 
between the conjugative and the non-conjugative plasmid, the non-conjugative 
plasmid is transferred from the donor to the recipient. After the transfer to the 
recipient, the cointegrate is resolved Into the two separate elements. 
Mobilization of plasmids by the process of donation does not involve the 
physical linkage between the conjugative and non-conjugative plasmids. During 
the donation process, the non-conjugative plasmid requires the presence of 
plasmid encoded products from the conjugative plasmid for transfer of the non-
conjugal plasmid from the donor to the recipient cell. 
The mobilization of genetic material has been observed by both conduction 
and donation processes in Gram-positive and Gram-negative bacteria (Smith and 
Clewell, 1977; Depicker et al., 1980; Boyd et al., 1989; Priebe and Lacks, 1989). 
This review, however, will focus on the mobilization of plasmids by the process of 
donation. 
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F-Mediated Mobilization Of Plasmid C0IEI 
C0IEI is a 6.6 kb Echerichia coli plasmid encoding the production of colicin 
(Veldkamp and Stortje, 1981). Alfaro and Willetts (1972), demonstrated that E. coli 
cells containing mutations in the F plasmid resulted in the loss of pilus formation 
and that the cells were unable to donate C0IEI to the recipients. The CoiEl 
plasmid could not be transferred because the cell-to-cell contact was defective in 
those mutants. Shortly after this observation, several investigators (Dougan and 
Sherratt, 1977; Inselburg and Ware, 1977; Dougan et al., 1978 ) demonstrated the 
requirement of a region on C0IEI, termed the mob region, which was essential for 
the mobilization of C0IEI by the F plasmid. Moreover, the investigators discovered 
the reason for the inability of C0IEI to transfer was that the Mob* mutants lacked 
the presence of a relaxation complex characteristic of Mob+ C0IEI. These 
experiments supported the obsen/ations of Loft and (1975), who demonstrated that 
the C0IEI relaxasome contains three proteins with the largest of the three being 
associated with the 5' terminal nucleotide at the nick site. Warren et al., (1978) 
were able to clone the or/T site of C0IEI plasmid onto a non-conjugative, non-
relaxable, and non-mobilizing vector and demonstrate that the wild-type C0IEI 
plasmid was able to provide both the mobilization and relaxation functions. The 
model that was proposed for the mobilization of C0IEI plasmid has withstood the 
test of time. In the model for mobilization of C0IEI, ColEI plasmid contains a mob 
region that specifies a frans-acting protein required for mobilization (Boyd et al., 
1989) and an or/T site from which the transfer can be initiated by the action of 
relaxase proteins. When the donor cell contains a conjugative plasmid such as 
C0IEI mating signals promote the activation of relaxation proteins (Mob) on the 
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plasmid. The relaxation proteins make a single stranded nick at the "nick site" 
(or/7) contained within the bom site to relax the plasmid structure (Finnigan and 
Sherratt, 1982). The transfer of a single strand to the recipient proceeds by a 
rolling circle mechanism through the conjugal pores generated by the conjugative 
plasmid (the F plasmid). The transfer process is mediated by the transfer proteins 
encoded by the conjugative plasmid. Host DNA synthesis in the recipient restores 
the displaced strand to form a covalantly closed circular plasmid DNA (Willetts and 
Wilkins, 1984). 
Mobilization Of Plasmids in Gram-Positive Bacteria 
Mobilization of non-self transmissible plasmids by conjugative plasmids has 
been observed in various Gram-positive bacteria (Battisti et al., 1985; Projan and 
Archer, 1989; Selinger et al., 1990; Van der Leiie et al., 1990). The conjugative 
mobilization of plasmids in Gram-positive bacteria resembles the process 
described in Gram-negative bacteria, with the exception of a requirement for pill. 
As was observed for the E. coli plasmid ColEI, several plasmids of Gram-positive 
bacteria have been demonstrated to exist in vivo as a DNA-protein relaxation 
complex (Novick, 1976). Moreover, mob regions have recently been identified on 
several Gram-positive plasmids. These regions have been demonstrated to be 
essential for the mobilization of non-conjugative plasmid by a conjugative plasmid 
(Priebe and Lacks, 1989; Projan and Archer, 1989; Selinger et al., 1990). In 
addition to the similarities shared with the mobilization requirement of a Gram-
negative plasmid ColEI, Projan and Archer (1989) demonstrated the requirement 
for an or/T region by plasmid pC221 for mobilization. 
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Conjugative Transposon-Mediated Piasmid Transfer 
Nagiich and Andrews (1988b), were the first investigators to report the 
nnobilization of non-conjugal plasmids by the conjugative transposon Tr\916. They 
were able to detect three transconjugant types as a result of these matings. One of 
the transconjugant types contained only the transposon Tn916; the second 
transconjugant type contained only the piasmid (pC194); and the third type 
contained both the transposon and the piasmid (pC194). These obsen/ations infer 
that the transfer of the plasmids by Tn916 proceeds by the donation process rather 
than the conduction process. If the mobilization of the plasmids occured by the 
conduction process, then the transconjugants formed from such matings should 
contain both the transposon and the piasmid after the resolution of the cointegrate. 
Moreover, the transfer frequency of pC194 was approximately 100-fold greater 
than the transfer frequency of pUBIIO. Because pUBIIO is a larger piasmid than 
pC194 the investigators could have been observing the piasmid size effect on the 
Tn976-mediated piasmid transfer. Guffanti et al., (1991) demonstrated shortly 
thereafter the mobilization of plasmids pUBIIO and pTVI by a closely related 
conjugal transposon Tn925. Bringel et al., (1992) demonstrated the transfer of 
piasmid pAT145 at low frequencies when the donor Bacillus subtilis strain 
contained piasmid pAT145 and Jn916. Mobilization of a non-conjugal piasmid 
pAD2 by TnSye however, was not observed (Clewell, and Gawron-Burke, 1980). 
Therefore, not all plasmids are mobilized by Tr\916. The mobilization of plasmids 
by Tn916 must also be determined by the piasmid type. Both the conjugal and the 
mobilization properties of ln916 are stimulated by the presence of tetracycline in 
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the medium (Showsh and Andrews, 1992). Similar observations for the 
enhancement of conjugal transfer were observed for the conjugal transposon 
lx\925 (Torres et al., 1991). 
Torres et al., (1991) observed mobilization of chromosomal genes in 
matings using competent deficient Bacillus subtilis that contained a chromosomal 
Tn525 insertion. To explain their observations. Tores et al., (1991) proposed a 
model for the Tn925-mediated transfer of DNA. The model proposed that donor 
and recipient cells combine to form a heterozygote, with the complete mixing of 
donor and recipient cytoplasm. Recombination of genetic material in the 
heterozygote resulted in the formation of transconjugants containing donor genes 
distal to the transposon. We were unable to detect the donor phenotype containing 
plasmid pC194 (manuscript submitted). If the fusion event occured [as proposed 
by Tores et al., (1991)], then we should have been able to detect the donor 
phenotype (S, subtilis) that in addition to Tn916, contains the plasmid pC194. 
It has been demonstrated that mob gene products are essential for the 
mobilization of non-conjugative plasmids by conjugative plasmids in both Gram-
negative and Gram-positive systems (Boyd et al., 1989; Priebe and Lacks, 1989; 
Projan and Archer, 1989; Selinger et al., 1990). Tn576 however is capable of 
mobilizing plasmids that contain a mob region and plasmids that contain a deletion 
in the mob region (manuscript in preparation). Plasmid pC194 was not mobilized 
by a conjugative plasmid pOX503 (Selinger et al., 1990), however, it was mobilized 
by Jr)916 (Naglich and Andrews, 1988b). Similarly pUBIIO with a 787 bp deletion 
in the mob region was likewise mobilized by Tt)916 (manuscript in preparation). 
The non-conjugative plasmid pE194 has been demonstrated to be non-relaxable 
by Projan and Archer, (1989) but we have demonstrated that Jn916 is capable of 
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mobilizing plasmid pE194 (manuscript submitted). It is possible that the 
mobilization of non-conjugal plasmids proceeds by a mechanism in which the 
relaxed fonn of the plasmid is generated by the conjugative transposon 7n916 and 
there is no requirement for plasmid encoded mob functions. The mob function may 
be provided by the Int and/or Xis proteins or some as yet unidentified 7n916 
product. Indeed the recent sequencing data of Tn916 by Flannagan et al., (1994) 
revealed that open reading frame 23 exhibited local homology to the MbeA 
mobilization protein (relaxase) of plasmid ColEI (Boyd et al., 1989). Thus, it is 
clear that Tn976-mediated plasmid mobilization proceeds by a mechanism that is 
quite distinct from the conjugative plasmid mechanism. 
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CHAPTER 2. TETRACYCLINE ENHANCES Tn9t5-MEDIATED 
CONJUGAL TRANSFER 
A paper published in the Journal Plasmid 
Sasha A. Showsh and Robert E. Andrews Jr. 
ABSTRACT 
Pre-growth of the donor on medium containing tetracycline increased conjugative 
transposition of Jn916 and the transposon-dependent mobilization of pC194 19- to 
119-fold in matings between Bacillus subtilis and Bacillus thuringiensis subsp. 
israelensis. Tn916 and pC194 transferred independently under these conditions. 
When Enterococcus faecalis was the donor and B. thuringiensis subsp. israelensis 
the recipient, pre-growth in tetracycline increased the conjugative transposition 
frequency by approximately 15-fold. Tetracycline-enhanced conjugation appeared 
during matings as short as three hours in length. Pre-growth in tetracycline did not 
enhance conjugation in Bacillus sphaericus X B. thuringiensis subsp. israelensis or 
B. thuringiensis subsp. Israelensis X B. subtilis matings. Incorporation of 
tetracycline into the mating medium, at concentrations that did not inhibit growth of 
the B. thuringiensis subsp. israelensis recipient, resulted in conjugation 
frequencies similar to those obtained by pre-growth of the B. subtilis donors in 




lr\916 is a 16.4 kb conjugative transposon originally identified in Enterococcus 
faecalis (Gawron-Burl<e and Clewell, 1982; Franl<e and Cleweil, 1981). Tn916, 
which encodes tetracycline resistance (let*), transposes to a broad host range of 
Gram-positive bacteria such as Staphylococcus aureus (Jones et al., 1987), 
Bacillus subtilis (Naglich and Andrews, 1988b), Bacillus thuringiensis (Naglich and 
Andrews, 1988 a, b), and Listeria monocytogenes (Kathariou et al., 1987) as well 
as other streptococcal species (Frank and Clewell, 1981). Moreover, Dybvig and 
Cassell (1987) and Roberts and Kenney (1987) reported introduction of Tn976into 
a few genera from the class Mollicutes whereas Bertram et al., (1991) and Sen and 
Oriel (1990) introduced the transposon into Gram-negative bacteria. Naglich and 
Andrews (1988b) reported Tnd76-dependent conjugal transfer of pC194 and 
pUBIIO from Bacillus subtilis Xo Bacillus thuringiensis subsp. israelensis. The 
transfer of these non self transmissible plasmids required the transposon; conjugal 
plasmid transfer was not observed without Jn916 (Naglich and Andrews 1988b). 
Transposition of Tn916 may occur by a Rec-independent excision insertion 
mechanism involving a circular, non-replicating intermediate (Scott et al., 1988); 
the intermediate either inserts into a site on the target chromosome or plasmid or is 
lost due to segregation of the non-replicating element. Gawron-Burke and Clewell 
(1986), observed an antibiotic influenced phenotype wherein certain Tn916 
insertions in plasmid pADI produced a non-hemolytic phenotype when the host 
strain was grown in the absence of tetracycline. In contrast, these insertions 
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caused a hyper-hemolytic phenotype when tetracycline was present in the growth 
medium. 
Our interest is in the mechanism of TnS?6-mediated genetic transfer. Herein we 
report a 19- to 119-fold increase in the frequency of Tn916 and pC194 conjugal 
transfer after pre-growth of the donor in medium that contains tetracycline or when 
the mating is done on medium containing the antibiotic. 
MATERIALS AND METHODS 
Bacterial strains and growth media. 
Table 1 describes the bacterial strains used in this study. Growth of all liquid 
cultures was in 250 ml Erienmeyer flasks containing 100 ml of brain heart infusion 
broth (BHI: Difco, Detroit, Ml) at 30''C on a rotary shaker. Antibiotics, when used, 
were kanamycin (200 |xg/ml), chloramphenicol (10 |ig/ml) rifampicin (100 jig/ml) 
and tetracycline (10 }xg/ml) unless othen/vise specified; the source of the antibiotics 
was Sigma Chemical Company (Sigma, St. Louis, MO). 
Filter mating procedure. 
The filter mating procedure, identification of donors and recipients, and Tr\916 
stability detemninations were done as described by Naglich and Andrews (1988a, 
b), except that antibiotics, when indicated, were excluded from the overnight (18 h) 
and premating growth (3 h) flasks. The cells were allowed to grow together on the 
membrane filters for 18 h unless othennrise specified. Immediately before the 
donors were placed on nitrocellulose membranes, they were washed twice by 
using centrifugation to minimize antibiotic carryover to the mating filter. Donors 
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grown without tetracycline were washed in a manner identical to that used for those 
grown with tetracycline. All matings were done in duplicate on at least three 
different occasions. To ascertain if the effects of tetracycline on the conjugation 
frequencies were restricted to B. subtilis AN883, different strains and species of 
Bacillus, as well as E. faecalis, were used as donors in mating experiments. 
To determine the effect of dissimilar donor to recipient ratios on the mating 
frequency, various concentrations of the AN883 donor (grown without tetracycline) 
and the AN142 recipient were placed on filters for mating. After 18 h matings, the 
cells were scraped from the filter as described by Naglich and Andrews (1988b) 
and diluted. The output donor to recipient ratio and the conjugation frequency 
were measured as described previously. 
Tetracycline effects on B. thuringiensis subsp. israelensis AN 142. 
The growth inhibition of B. thuringiensis AN 142 by tetracycline during mating 
was determined by placing 1.0 ml of mid-logarithmic cells (Aeoo=0-6) o" 
nitrocellulose filters as in a typical mating experiment. The filters were then placed 
on BHI agar plates containing various concentrations of tetracycline. The plates 
were incubated overnight, then the cells were washed from the filters by vortexing 
in 5 ml of sterile BHI broth. After ten-fold serial dilutions, the ceils were plated on 
BHI agar and grown at 30°C ovemight before scoring. These experiments were 
performed in duplicate and on two separate occasions. 
Incorporation of tetracycline in the mating medium. 
To determine if tetracycline enhances conjugal activity when incorporated into 
the medium during the filter matings, various concentrations of tetracycline were 
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added to the BHI agar medium before mating experiments. The donor (6. subtilis 
AN883), which was prepared for mating by growth in liquid medium without 
tetracycline, was placed on the tetracycline-containing BHI agar with the B. 
thuringiensis recipient (AN 142) and incubated for 18 h. 
DNA purification, analysis of the DMA restriction fragments and Southern blotting. 
B. subtilis AN883 and B. thuringiensis subsp. israelensis AN 142 DNA was 
obtained by using the lysate method of Naglich and Andrews (1988a) with one 
modification. The deproteinization steps were done by using a phenol extraction 
followed by two chlorofonn:isoamyl alcohol (24:1 v/v) extractions. 
The DNA was digested with restriction enzyme HindlW by using the conditions 
recommended by the manufacturer (BRL Life Technologies, Gaithersburg, MD). 
The DNA digests were analyzed by agarose gel electrophoresis (0.8% w/v) as 
described by Maniatis et al (1982). Following electrophoresis, the gel was stained 
with ethidium bromide and visualized by using a uv transilluminator (300 nm). The 
Southern hybridization analysis (Southern, 1975) was perfomied as described by 
Naglich and Andrews (1988b). 
RESULTS 
Tetracycline influence on conjugation frequency. 
To determine \iTn916 dependent conjugation was tetracycline inducible, we 
did a series of experiments in which the donor (S. subtilis AN883) was grown in the 
presence or absence of tetracycline before the mating with B. thuringiensis AN 142. 
Along with Tn9?6, AN883 contains the chloramphenicol resistance (Cm"") plasmid 
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pC194. Because this plasmid may be unstable without selection (Naglich and 
Andrews, 1988b), pre-growth of the donor was in medium containing 
chloramphenicol. The results of these experiments are shown in Table 2 and 
Table 3. 
The frequencies, when calculated based on transconjugants per output 
recipient, were approximately 19-fold greater for conjugative transposition of Tn916 
and 119-fold greater mobilization of pC194 when the donor was pre-grown in 
medium containing tetracycline (Table 3). A 19- to 119-fold decrease in TetVCm"" 
phenotype in mating wherein the donor was pre-grown without tetracycline 
resulted in frequencies that were at or below the limits of detection under the 
experimental conditions described herein (approximately lO*®). When the 
conjugation frequencies were calculated on the basis of transconjugants per input 
donor, stimulation by pre-growth on tetracycline was somewhat less pronounced 
(about 5-fold) but remained significant (Table 3). All the transconjugants observed 
were determined to be B. thuringiensis subsp. israelensis by using the methods 
described by Naglich and Andrews (1988b). 
One possibility was that the extended mating period (18 h) allowed for 
enrichment, by residual tetracycline, of the Tef transconjugants. Accordingly, we 
conducted a series of experiments In which the mating times were varied over a 
range of 3 to 20 h. The results of these experiments are presented in Figure 1. In 
matings as short as three hours, an approximately 10-fold increase in the number 
of Tet*" transconjugants resulted when the donors were pre-grown in tetracycline 
containing medium. Conjugal transfer of pC194 was first observed after 
approximately 5 h; as with Tef.Cm'" transconjugants were observed at 
approximately 10-fold or greater frequencies (transconjugants per input donor) or 
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transconjugants per output recipient (data not sliown) wlien tlie cells were grown in 
medium containing tetracycline before mating. 
Pre-growth of the donor in tetracycline enhanced the conjugation frequency and 
increased the output donor per recipient ratio (Table 2). To insure that the 
increased donor per recipient ratio was not responsible for the stimulation in 
conjugation frequency, different starting concentrations of the AN883 donors 
(grown without tetracycline) and AN142 recipients were used in typical matings. 
These different starting concentrations resulted in output donor per recipient ratios 
ranging from 10-® to 10"^ (Fig. 2). The maximum conjugation efficiency 
(approximately 8 x 10-® per recipient) was obtained at donor per recipient ratios 
between 0.1 and 1.0. In typical matings with and without tetracycline, the output 
donor recipient ratios vary over a range from approximately 0.1 to 6.0 (Table 2); 
changes in output donor recipient ratios in this range gave rise to minimal changes 
in conjugation frequencies (Figure 2). 
To determine if enhancement occurred when other donors were used, matings 
using various donors were done with and without tetracycline in the pre-mating 
growth medium. Table 4 presents the data when the donors were different strains 
of B. subtilis, different Bacillus species or a different genus. The recipient in all 
cases but one was B. thuringiensis subsp. israelensis AN 142. 
Table 4 shows that when B. subtilis AB109 or B. subtilis AN861, each of which 
contain a single copy of Tn916 (data not shown), was the donor in matings with B. 
thuringiensis subsp. /srae/ens/s AN 142, pre-growth in tetracycline medium resulted 
in 70- and 90-fold increases in the conjugation frequency, respectively. When E. 
faecalis was the donor in matings with B. thuringiensis AN 142, the frequencies of 
Tetr transconjugants increased by approximately 15-fold. 
29 
When AS303, which harbors pC194 and the full array of plasmids normally 
found in subsp israelensis (Gonzalez et al., 1982), was pre-grown with tetracycline 
and chloramphenicol and used as the donor in matings with B. subtills AK121, the 
frequency of Tef transconjugants was 7.6 x 10-2 per recipient cell, whereas the 
Cm"" transconjugants were observed at a frequency of 4.5 x 10-2 per recipient cell. 
The frequencies were nearly identical when the donor was pre-grown with 
chloramphenicol only (Table 4). Transconjugants were not detected when B. 
sphaericus AB409 was the donor in matings with B. thuringiensis subsp. 
israelensis AN 142. 
Matings with all strains were done with and without 200 |j,g/ml of DNAse in the 
mating medium. In all cases, the presence of DNAse had negligible affect on the 
conjugation frequency. 
Assessment of Tn916 stability. 
If a large portion of the donors grown without tetracycline lost the transposon, 
then one would expect reduced conjugation frequencies, thus appearing as if the 
antibiotic were stimulating conjugation. To test transposon stability during pre-
growth without antibiotic, we determined the fraction of Tef^ cells in the medium 
after growth without tetracycline selection (Table 5). These data show that 
essentially all the donors retained the transposon during pre-growth without 
tetracycline. 
Effects of tetracycline on conjugation when incorporated in the mating media. 
We were interested to know if the effect was limited to the presence of the 
antibiotic in the pre-growth media, or, altematively, if conjugation was enhanced 
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when the tetracycline was incorporated into the mating medium. To detemiine the 
effects of incorporated tetracycline on the frequency of conjugation, various 
antibiotic concentrations were added to the BHI agar plate before matings between 
B. subtilis AN883 and B. thuringiensis AN142. Table 6 shows the results of these 
experiments. Without tetracycline in the mating medium, the conjugative 
transposition frequency was approximately 5.4 x 10-6 donors per output recipient: 
addition of 10 ng/ml of tetracycline had essentially no effect. Addition of 50 ng/ml or 
more antibiotic dramatically increased the frequency of conjugative transposition. 
The frequency of pC194 mobilization increased similarly. 
Effects of tetracycline on B. thuringiensis subsp israelensis AN142. 
When tetracycline is incorporated into the mating medium, one explanation for 
the apparent increase in conjugative transposition is that the presence of the 
antibiotic inhibited growth of the Tet^ recipient on the nitrocellulose surface. When 
a conjugative transposition event ensues, the conjugant becomes Tef and gains a 
selective advantage in this environment. The outcome would be an artificial 
increase in the conjugant to recipient ratio. To detemiine the effect of tetracycline 
concentration on the growth of B. thuringiensis subsp. israelensis AN 142, varying 
concentrations of antibiotic were added to the BHI agar plates used as mating 
medium. Membrane filters were impregnated with B. thuringiensis subsp. 
israelensis AN-142, placed on mating medium containing various concentrations of 
tetracycline, and incubated overnight. After incubation, the growth was washed 
from the filter, diluted, spread on agar medium, and allowed to grow overnight. The 
data from this experiment are presented in Figure 3. Inhibition of B. thuringiensis 
subsp. Israelensis AN142 was first obsen/ed at concentrations of 250 ng/ml of 
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antibiotic, and readied a 1000-fold inhibition at a concentration of 1.0 ^.g/ml. 
importantly, at concentrations of 100 ng/ml and less, there was no decrease in the 
cell numbers. Moreover, at these concentrations (50 and 100 ng/ml), the AN142 
recipient grew on the mating membrane with a doubling time of approximately 50 
min, which was essentially identical to that observed with no antibiotic present. 
Southern hybridization 
Figure 4 shows Southern hybridization analysis of DNA from putative 
transconjugants in the matings between B. subtilis AN883 and B. thuringiensis 
subsp. israeiensis AN142. Putative Tef/Cms, Tets/Cm"" and Tef/Cm'" 
transconjugants have the corresponding genotype as judged by the Southern 
hybridization. B. thuringiensis subsp. israeiensis AS301 had only the Tr\916 
element whereas B. thuringiensis subsp. israeiensis AS302 had only the pC194 
marker. B. thuringiensis subsp. israeiensis AS-303 had both of the markers 
present. 
DISCUSSION 
During filter-matings between B. subtilis AN883 and B. thuringiensis subsp. 
israeiensis AN-142, the frequency of conjugant formation {Tr\916, pC194 or both) 
increased 19- to 119-fold when the donor was pre-grown in the presence of 
tetracycline (10 ^g/ml). Moreover, tetracycline incorporated into the mating 
medium also increased the conjugation frequency; pre-growth of the donor cells in 
tetracycline is not required for conjugation enhancement. 
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The enhanced conjugation did not result from antibiosis of the Tet^ recipients 
and concurrent outgrowth Tef transconjugants during the mating. Several lines of 
evidence suggest that, although this may be a factor at high tetracycline 
concentrations, when the cells are pre-grown in tetracycline or with non inhibitory 
concentrations of the antibiotic in the mating medium, tetracycline stimulates both 
conjugative transposition and plasmid mobilization. These include: 
1) The donors that had been pre-grown in tetracycline were washed 
twice in medium that was free from antibiotic before placing them on the filter 
for mating. This procedure should reduce carryover to sub inhibitory levels. 
2) Because enhancement is observed in both the conjugant to output 
recipient and conjugant to input donor frequencies, the data suggest that the 
enhancement effect is on the donor not the recipient. 
3) Tetr transconjugants appear during matings as short as 3 hours; in 
these short periods, tetracycline enhancement of conjugation is readily 
discernible. These periods are too short for significant antibiosis. 
4) It is important to note that the tetracycline enhancement acts on 
pC194 transfer as well as Jr\916 conjugative transposition. If the 
enhancement were an artifact of tetracycline enrichment of transconjugants, 
one would either (a) not expect to see enhanced conjugation of this element, 
or (b) envision that nearly every cell in the population would contain, along 
with the plasmid, Tn916. This supposition was confirmed by experiments 
where high concentrations of tetracycline were incorporated into the mating 
medium. When the mating medium contained 1000 ng/ml of tetracycline 
(Table 6), replicate plating demonstrated that nearly all of the 
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transconjugants initially selected for the Cm'' phenotype were Tet"" (data not 
shown). 
Pre-growth of the B. subtilis donor in medium containing tetracycline caused an 
increase in the donor per recipient ratio. This, however, is not the cause of the 
increased conjugation frequency; when the donor per recipient ratio is varied over 
an extreme range, the maximum conjugation frequency is approximately two 
orders of magnitude less than those obtained when the donor is pre-grown in 
tetracycline. 
The presence of 50 ng and 100 ng of tetracycline in the mating medium 
increased the mating frequency by approximately 100-fold. The frequencies 
obtained with these concentrations of tetracycline were comparable to those 
obtained when the donor was pre-grown in tetracycline. Moreover, at these 
concentrations, inhibition of the B. thuringiensis recipient was not observed. It 
appears that the increased conjugation frequencies were directly related to the 
presence of tetracycline. The data suggest that tetracycline has a stimulatory effect 
directed at the donor. At higher concentrations of tetracycline in the mating 
medium, however, tetracycline inhibition of recipient growth was significant. Under 
these conditions, once a conjugant is generated, it has a selective advantage over 
the Tets recipients in the mating environment. In contrast with conditions where 
high concentration of the antibiotic are used, mating medium concentrations of 
tetracycline in the 50 ng/ml to 100 ng/ml range are sufficient to induce conjugal 
activity in the B. subtilis donor, but are low enough for normal growth of the B. 
thuringiensis recipient. When B. thuringiensis AN 142 is placed on a filter and 
grown on agar medium containing 50 ng tetracycllne/ml or 100 ng tetracycline/ml, 
the growth rate is nearly identical to that obsen/ed on antibiotic free medium. 
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Therefore, at lower concentrations of antibiotic, antibiosis was not responsible for 
the increased appearance of transconjugants. 
Southern hybridization and phenotypic data based on antibiotic resistance 
revealed that three types of transconjugants were possible during filter nnatings in 
the presence of tetracycline. One group received only Tr\916, the second received 
only pC194, whereas the third received both Tn916 and pC194. Because there 
were three types of transconjugants formed It Is likely that Tn916 and pC194 
transferred independently of each other under the mating conditions. 
Conjugative transposition of Tn916 requires at least two functions, conjugal 
activity (cell to cell movement) and transpositional activity (excisase and integrase; 
Storrs et al., 1991). It is likely that the stimulatory effect is on the conjugal activity, 
because transfer of pC194, which should not require transposition, is enhanced to 
the same degree as the exchange of the transposon. 
The tetracycline enhancement of Jr)916 transfer has been examined in three 
different Bacillus species and one Enterococcus strain. When 6. sphaerlcus AB409 
was used as the donor in filter matings with B. thuringiensis subsp. israeiensis 
AN 142, transconjugants were not detected regardless whether the donor was pre-
grown with or without tetracycline before the matings. When B. thuringiensis 
subsp. israeiensis AN303 was the donor and B. subtilis AK121 was the recipient, 
the presence of tetracycline did not enhance the formation of Jn916 or pC194 
transconjugants. However, the frequencies of transfer, which are high, may be due 
to the combined effect of resident co-mobiiizing plasmids in the B. thuringiensis 
strain (Gonzales et al., 1982). Because DNAse in the medium negligibly affects 
conjugation frequency, it is unlikely that the observed genetic exchange results 
from transformation. Tetracycline enhancement was observed using three strains 
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of B. subtilis. All three strains contain a single copy of Tn916, which is evidently in 
different locations on the chromosome, based on Southern hybridization analysis 
(Naglich and Andrews, 1988b). Therefore, it is improbable that chromosomal 
position effects the magnitude of the tetracycline enhancement. 
E. faecalis exhibited the tetracycline-enhanced Tn916 transfer but to a lesser 
extent than when B. subtilis was the donor. A 15-fold increase in the frequency of 
conjugant fomnation was observed during matings wherein the E. faecalis donor 
was pre-grown with tetracycline. 
Torres et al., (1991) examined conjugative transposition of Tn925 and 
associated mobilization of chromosomal genetic information. Their data supported 
the conclusion that, in Tr\925, the conjugative functions result from a cell-to-cell 
fusion. They further reported tetracycline enhanced conjugative transposition of 
Tr\925 among E. faecalis strains. The Jn916 and Tn925 elements are highly 
homologous and both carry the tefM tetracycline resistance determinant (Christie 
and Dunny, 1986); the data herein further suggest similarity between the two 
elements. Moreover, the effect of tetracycline may be to stimulate the fusion 
mechanism. Interestingly, the results presented in this study, and those of Naglich 
and Andrews (1988b) suggest that there is about 1% co-mobilization of the plasmid 
when only Tef selection is used post-mating, whereas, Torres et al., (1991) found 
50% linkage or more between Tn925 transfer and chromosomal markers. It is 
unclear if this reflects a species difference between Bacillus and Enterococcus, or a 
mechanistic difference between chromosomal and plasmid DNA transfer. 
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Table 1 
Strains used in this study. 
strain Genotype or Phenotvpe Origin or reference (source) 
Bacillus subtilis 
AN883 trp, (pC194), [Chr.-Jn916[ Nagiich and Andrews (19886) 
AB109 [Chr::Tn9yq Laboratory stock 
AN861 [Chr::Tn9r6| Laboratory stock 
AK121 trp2, rif Laboratory stock 
Bacillus thuringlensis subsp. 
israelensis 
AN142 kan"" Nagiich and Andrews (1988a) 
AS303 kan^ (pC194), [Chr:Tn9t6] This study 
Bacillus sphaericus 
AB409 riff, [Chr.-Jn916\ Laboratory stock 
Enterococcus faecalis 
CG (ISP 8713) fChr::Tn9y6! Gawron-Burke and Clewell (1982) 
2|SP=Peter A. Pattee culture collection, Iowa State University, Department of 
Microbiology, Ames, lA. 
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Table 2 
Effects of tetracycline pregrowth on the concentration of donors and recipients in 
matings between B. subtilis AN883 and B. thuringiensis AN 142. 
Input CFU/filter Output GFU/filter® 




Growth in Tet/Cartr 
1 2.75X10® 2.25 X108 1.22 1.45 X109 4.35X108 3.33 
2 2.60X108 2.10X108 1.24 1.35 X109 4.45X108 3.03 
3 3.25 X108 2.85 X 108 1.14 2.55X109 4.35X108 5.86 
4 3.75 XI08 2.85 X 108 1.32 1.10 X109 4.10X108 2.68 
Average 3.09 X 108 2.51 X 108 1.23 1.61 X 109 4.31 X 108 3.73 
Standard 
Deviation 
5.22X107 3.94 XI0"^ 0.07 
Growth in Cam'' 
6.42X108 1.49 XIO^ 1.45 
1 3.00X108 1.60 X108 1.88 4.85 XI08 1.80 X109 0.27 
2 2.85 X 108 1.60 X 108 1.78 3.50X108 2.00X109 0.18 
3 4.75X108 2.85 X108 1.67 1.00 X109 2.20 X 109 0.45 
Average 3.53 X 108 2.02X108 1.77 6.12X108 2.00X109 0.30 
Standard 
Deviation 
1.06 X 108 7.22 X10^ 0.10 3.43X108 2.00X108 0.14 
®Cell numbers on filters after mating 18 h. 
t>Tet/Cam=B, subtilis AN883 donor grown in medium containing tetracycline and 
chloramphenicol prior to mating; Cam=S. subtilis AN883 grown in medium 
containing only chloramphenicol. 
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Table 3 
Effects of tetracycline pregrowth on the conjugation frequency in matings between 
B. subtilis AN883 and B. thuringiensis AW42, 
Conjugants per output recipient^'^ Conjugants per input donor^<<^ 
Experiment Tet Cam Tet/Cam Tet Cam Tet/Cam 
Growth in Tet/Cam®-'' 
1 1.40X10-4 3.50X10*5 1.80 X 10-® 2.21 X 10-4 5.54 X 10*5 2.85 X 10-6 
2 1.20 XIO-'^ 1.80 X 10-5 1.60X10-6 • 2.05X10-4 3.08 X 10*5 2.74X10-6 
3 1.10X10-4 2.50X10-5 5.50 X10-7 1.47X10-4 3.35X10*5 7.36 X10-7 
4 2.30X10-4 1.70X10-5 4.80 X10-7 2.51 X 10-4 1.86X10*5 5.25 X 10-7 
Average 1.50X10-4 2.38X10-5 1.11 X 10*6 2.06X10-4 3.46 X 10-5 1.71 X10-6 
Standard 
Deviation 
5.48X10-5 8.30 X 10-6 6.90 X10-7 
Growth in Cam®''' 
4.38X10-5 1.53X10-5 1.25X10*6 
1 7.70X10-6 2.70 X 10"^ nd® 4.62 X 10*5 1.62X10-6 nd® 
2 8.40 X 10-® 3.00 X 10-7 nd® 5.89X10-5 2.11 X10-6 nd® 
3 7.00X10-6 2.50X10-7 nd® 3.24X10-5 1.16X10-6 nd® 
Average 7.70X10-6 2.73X10-7 4.59X10-5 1.63X10-6 
Standard 
Deviation 
7.00X10-7 2.52 X 10-® 1.33X10*5 4.74X10-7 
^Media contained 200 ng kanamycin/ml to select for the B. thuringiensis subsp. israelensis AN 142 recipient in 
addition to the antibiotics listed. 
^Frequency of conjugants/final recipient. 
"Frequency of conjugants/initial donor. 
'^ TetCamsBacillus subtilis AH883 donor grown In medium containing tetracycline and chloramphenicol prior to 
mating; Cam=6. subtilis AN883 grown on medium containing only chloramphenicol 
^Conjugants not detected. The limit of detection for these experiments are approximately 1.0 x 10'^. 
42 
Table 4 
Filter-mating results with various donor and recipient strains. 
TrarBMn[ugante£Brou^i£radgen^_____Conju2ante^ 
Donor® Recipient strain Donor pregrown in Nopregrowth Donor pregrown in No pregrowth 
(Selection'') tetracvdina seleclion tetracycline seleclion 
B. subtills B. thuringiensis AN142 1.23x10-^'(Tn916°) 1.8x10'®'crn916) 1.23X lO-^'fTngieC) 1.8X 10-5'(Tn916) 
AB109 (Kan) SD = 9.7 X10-5 SD = 8.0x10'^ SD = 35x10'S SO = 7.1 X10"® 
B. subtilis B. thuringiensis AN142 655x10-^f(rn916) 7.05X 10-®'(rn916) 625x10-^'(Tn916) 7.05X 10-5'(rn916) 
AN861 (Kan) 80=1.65x10"^ SD = 5.0x10'® SDstOSxlO"^ SD = 2.0x10-® 
£. faacalis B. thuringiensis AN 142 2.0x10-^'rTn916) 1.3x10-%n916) 1.1x10-S'(Tn9r6) 7.5 X10-6'(rn9J6) 
(Nutrient agar) SO = 9.6 X ID'S SD = 5.5x10-® SD=4.1 xlO'5 SD = 1.3x10-^ 
B. sphaericus B. thuringiensis <1x10'®(Tt^916) <1 X 10-8'{Tn916) <1x10-®'(rn916) <1X lo-sfcrngie) 
AB409 AN142(Kan) <1x10-®®(pC194«') <1 x10-®®(pC194) <1 X 10-®®(pC194<^) <1 X 10-®®(pC194) 
3. ttiuringiensis B.subtilisN<^^^ 7.6x10-2cTn916) 5.1 X 10-2(Tn916) I.SxIO"'' 1.0x10-1 
AS303 m 4.5x10-2(pC194) 4.3 X 10-2(pC194) 4.7 X10-2 4.5x10-2 
^The donor was pregrown with or without tetracycline overnight prior to the matings. The overnight cultures 
(approximately 18 h) contained the appropriate antibiotics. After overnight culture, 10 ml of the overnight 
was transfen'ed to 100 ml of fresh medium containing the same antibiotics and grown on a rotary shaker to 
an A500 of 0.6 (approximately 3 h). The donors, in all cases were washed in antibiotic-free medium prior to 
mating (see materials and methods). 
'^Selection for the recipient after the mating. 
*^Selection forTn976was 10 ng/ml tetracycline. 
*^Selection for pC194 was 10 ^ g/ml chloramphenicol. 
®Transconjugants were not detected. The limit of detection for this experiment is 
approximately 1.0 x 10"®. 
'Data presented represents the average and standard deviation calculated on the basis of 
three independent experiments done on 3 different occasions. 
SMating conditions were on nitrocellulose membranes, on BIHI at 30°C. for 18 h. 
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Table 5 
Assessment of Tnff 76 stability under the conditions used in the filter matings. 
Strain Media® CFU/ml'' 
S. sphaeiicus AB-409® BHI 3.1 X 10^ 
BHI tetracycline 3.6 X 10^ 
BHI -1- chloramphenicol 3.7X107 
E. faecali^ BHI 3.3x10^ 
BHI + tetracycline 3.7 XIO^ 
B. thuringiensis subsp israelensis AH-142P BHI 1.9X107 
BHI + tetracycline 2.6 X 10^ 
B. SUW///S AB-I09C BHI 9.7 X 10^ 
BHI + tetracycline 1.0x10® 
B. subtilis AN-883'' BHI 1.8X107 
BHI + tetracycline 2.1 X 107 
BHI + chloramphenicol 1.9X107 
^Selective media had 10 (ig tetracycline/ml or 10 ^g chloramphenicoi/ml, and provided an estimate of viable cell 
numbers with the selected phenotype aftergrowth of the strains without selection. BHI provided the total viable 
cell numbers. The pregrowth medium contained 10 (ig/ml tetracycline or 10 |ig/ml chloramphenicol where 
indicated. 
'^CFUscolony forming units. Growth conditions were on nitrocellulose membranes at 30''C on BHI for 18 h. 
°The ovemight cultures (approximately 18 h) contained chloramphenicol but not tetracycline. After overnight 
culture, 10 ml of the ovemight was transfen-ed to IOC ml of fresh medium containing the same antibiotic and 
grown on a rotary shaker to an Aeoo of 0.6 (approximately 3 h). The cells, in all cases were washed in antibiotic-
free medium dilution prior to dilution (see materials and methods). 
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Table 6 
Effect of tetracycline in mating medium on tlie conjugation frequencies during filter-




Jn916 PC194 Both 
0 5.4x10-6 1.2x10-'^ <1 x10-®c 
10 2.1 x 10"® 1.3x10-7' <1 x lO-Sc 
50 1.3x10-4 7.9x10-'' <1 x 10'®® 
100 4.9x10-4 4.4x10-5 2.3x10*7 
250 7.3 X lO-l 7.3 x 10-4 5.9x10-5 
500 3.2x10-'' 3.8 X 10-3 2.3x10-5 
1000 5.3 xlO-"" 3.3x10-2 2.2x10-2 
^Tetracycline selection was used for selection for Tn916, chloramphenicol was used for pC194 selection and 
both antibiotics selected for transconjugants with both markers. Frequencies are in terms of conjugants/output 
recipient. Growth conditions were on nitrocellulose filters, on BHI agar, at 30°C. for 18 h. The overnight donor 
cultures (approximately 18 h) contained chloramphenicol but not tetracycline. After overnight culture, 10 ml of 
the ovemight was transferred to 100 ml of fresh medium containing the same antibiotic and grown on a rotary 
shaker to an Aeoo o' (approximately 3 h). The donors, in all cases were washed in antibiotic-free medium 
before placement on the membrane filter (see materials and methods). 
''Tetracycline was placed in the mating plates at these concentrations (ng/ml). The donor was pre-grown with 
chloramphenicol only. 






Mating Time (h) 
1. Effect of length of mating on conjugative transposition of Tr\916 and 
transfer of pC194. The conjugation frequencies are expressed as 
transconjugants per input donor. Panel A is the transfer of Tn916 
whereas panel B. Is the transfer of pC194. 
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Fig. 2. Effect of output donor per recipient ratio on conjugation frequency. 
Cells were grown without tetracycline and then mixed at various ratios 
prior to mating. After the mating, the donor per recipient ratio and the 
conjugant frequency were determined (open squares=Tn9 76 
transconjugants, solid circles=pC194 transconjugants). 
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Fig.3 Effect of tetracycline on B. thuringiensis subsp israelensis AN-142. 
Figure 4. Southern hybridization analysis of transoonjugants from a B. subtilis AN883 X B. thuringiensis AN 142 
mating. The DNA was extracted from putative transoonjugants, digested with Hindi!!, and then 
separated by using agarose gel electrophoresis. Panel (A) Ethidium bromide-stained 0.8% agarose 
gel. Panel (B) Southern hybridization analysis of DNA from panel A after transfer to Hybond-N 
membrane. The probe is 32p labeled pC194. Panel (C) Southern hybridization analysis the 
membrane from panel B after the pC194 had been removed. The probe is 32p labeled pAM120. Lane 
assignments for all three panels: (1,11) lambda standards, (3) pAM120, (4) pC194, (5) B. subtilis 
AN-883, (6) B. thuringiensis subsp. israelensis AN-142, (7) a Tet"" Cm® conjugant, (8) a Tet® Cmf" 
conjugant, and (9) a Tet*" Cm'' conjugant. 
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CHAPTER 3. FUNCTIONAL COMPARISON OF CONJUGATIVE 
TRANSPOSONS Tf\916 and Tn925 
A paper submitted to the Journal Plasmid 
Sasha A. Showsh and Robert E. Andrews Jr. 
ABSTRACT 
During interspecies matings between Bacillus subtilis and Bacillus 
thurlngiensis subsp. israelensis, transfer of conjugatlve transposon Tn916 was 
detected at a frequency of 1.1 x 10^4 transconjugants per donor. Tn976 -dependent 
transfer of plasmids pC194 and pE194 was detected at a frequency of 1.4 x 10'^ 
and 3.2 x 10"7 transconjugants per donor, respectively. Similar frequencies were 
obtained during parallel matings with othen/vise isogenic strains that contain Tn925 
instead of Tr\916. Tn916- or Tn925-dependent transfer of plasmids pC194 or 
pUB110 from the recipient to the donor (retrotransfer) was not observed during 
inter- or intraspecies matings. Conjugatlve transposon-mediated plasmid transfer 
by Tn916 and Tn525 is a rec-independent event. Thus, the data from studies in 
which othenA^ise isogenic donor and recipient strains were used indicated that 




Tn976 is a conjugative transposon originally isolated and characterized from 
Enterococcus faecalis (Gawron-Burke and Clewell, 1982; Franke and Clewell, 
1981). Since the discovery of Tn916, many transposons with similar characteristics 
have been identified, including: Jr\918 (Clewell et al., 1985), Tn919 (Fitzgerald et 
a!., 1985), Tr\925 (Christie et al., 1987), Tn7545 (Courvalin and Cariier, 1986), 
Tn3701 (LeBouguenec et al., 1988), Tr\3951 (Inamine and Burdett, 1985), and 
7n5381 (Rice eta!., 1992), 
It is thought that Tr\916 transposition proceeds by the excision of the 
transposon to form a covalently closed, non-replicating, circular DNA (Gawron-
Burke and Clewell, 1982; Scott et al., 1988; Rice et al., 1992). The non-replicating 
intermediate reinserts into the target genome (chromosome or plasmid), or it may 
be lost due to segregational instability. 
Tn916 and related conjugative transposons have been shown to transfer 
among different genera and species of bacteria (Scott, 1992; Bertram et al., 1991 
Naglich and Andrews, 1988a, b). Tn916 (Showsh and Andrews, 1992), lr\925 
(Torres et al., 1991), and Jn5381 (Rice et al., 1992) have been shown to transfer at 
higher frequencies in the presence of tetracycline. 
Tn916 and Tn925 share a high degree of homology (Christie and Dunny, 
1986) and both conjugative transposons are capable of mobilizing plasmids for 
conjugal transfer (Naglich and Andrews, 1988b; Guffanti et al., 1991 Flannagan 
and Clewell, 1991). Naglich and Andrews (1988b) and Flannagan and Clewell 
(1991) reported that approximately 1% or fewer of the conjugants selected for the 
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transposon-bome resistance (tetracycline) contained, in addition to the Tn916, the 
plasmid marker used in the transposon-dependent mobilization studies. In 
contrast, when Tn925 was used in similar studies, plasmid co-mobilization often 
ranged up to 30% (Guffanti et al., 1991). Moreover, Torres et al., (1991), after 
observing transposon-mediated exchange of chromosomal DNA in B. subtilis x B. 
subtilis matings, proposed that Tnd25-dependent genetic exchange involved a 
cell-to-cell fusion. 
Flannagan and Clewell (1991) astutely pointed out that although there 
appeared to be differences between these two transposons with respect to their 
ability to move DNA, the differences need not be the result of fundamentally 
contrasting mechanisms, but could be simply a difference in the size of the cell-to-
cell pore generated. Unfortunately, the conjugal transposition and plasmid-
mediated mobilization properties of Tn976and Jr\925 have not been rigorously 
compared in othen/vise isogenic strains. It is possible that the distinctions 
described may be the result of differences in the genetic backgrounds used rather 
than resident properties of the transposons. This paper shows that, in otherwise 
isogenic strains, Tr\916 and Tn925 are very similar with respect to conjugal 
properties. 
MATERIALS AND METHODS 
Bacterial strains and growth media. 
The strains used in this study are described in Table 1. The strains created 
for this study are derivatives of Bacillus subtilis 168. 6. subtilis (168) was filter-
mated with Enterococcus faecalis AP2 and AN 170 to construct B. subtilis AS504 
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and B. subtilis AS500, respectively. To construct strains B. subtilis AS405 and B. 
subtilis AS406, plasmid pE194 was transformed into B. subtilis AS504 and B. 
subtilis AS500, respectively (Naglich and Andrews, 1988b). Plasmid pC194 was 
transformed into B. subtilis AS504 and B. subtilis AS500 to generate strains AS510 
and AS511 respectively. Chromosomal rif and fus^ markers were introduced into 
B. subtilis AS510, B. subtilis AS511, and B. subtilis AS502 by streaking the 
parental strains on gradient plates containing rifampicin (100 |xg/ml), (Naglich and 
Andrews, 1988b). All of the strains used had a single chromosomal insertion of the 
transposon as demonstrated by Southern hybridization analysis (Southern, 1975). 
Growth of liquid cultures was in 250-ml Erienmeyer flasks containing 50 ml 
of LB broth (10 g of tryptone, 5 g of yeast extract, 10 g of NaCI, 1 L distilled water, 
pH = 7.2) at 30°C. The liquid cultures were grown on a rotary shaker at 250 
rev/min. The concentration of antibiotics used were as follows: novobiocin (40 
ng/ml), fusidic acid (40 |ig/ml), rifampicin (100 ^g/ml), tetracycline (10 n-g/Til). 
chloramphenicol (10 ng/ml), erythromycin (10 fig/ml), streptomycin (200 fig/ml), and 
kanamycin (20 )j,g/ml for pUBIIO or 200 |iig/ml for Bacillus thuringiensis subsp. 
israelensis AN142), All of the antibiotics were purchased from Sigma Chemical 
Company (Sigma, St. Louis, MO). 
Filter mating procedure. 
The filter mating procedure was performed as described previously (Showsh 
and Andrews, 1992) with the following modifications: (I) donor and recipient cells 
were washed twice by centrifugation and concentrated 2-fold before they were 
allowed to grow together on brain heart infusion agar (BHI: Difco, Detroit, Ml), (ii) 
During selected matings, 200 |j,g/ml DNAse was added to the BHI agar plates 
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during the filter mating to assure that the genetic exchange observed resulted from 
a conjugation-like event. After mating on nitrocellusose filters, cells were removed 
from the filter as described by Naglich and Andrews (1988a, b), diluted, then plated 
on selective media. Identification of donors and recipients was performed as 
described previously (Showsh and Andrews, 1992). Rec~ phenotypes were 
confirmed by the use of short wave UV light as described by Maniatis et al. (1982). 
DMA purification and analysis. 
DNA samples were obtained by the lysate procedure as described 
previously (Showsh and Andrews, 1992). DNA was digested with restriction 
enzyme Hindlll or Clal by using the conditions recommended by the manufacturer 
(BRL Life Technologies, Gaithersburg, MD). The DNA digests were analyzed by 
agarose gel electrophoresis (0.8% w/v) as described by Maniatis et al., (1982). 
Following electrophoresis, the gel was stained with ethidium bromide and 
visualized by using a UV transilluminator (300 nm). Southern hybridization 
analyses (Southern, 1975) were performed as described by Naglich and Andrews 
(1988a, b). 
RESULTS 
Interspecies transfer of plasmids pC194 and pE194. 
To examine the functional properties of ln916 and Tn925, interspecies 
mating experiments were conducted to compare the conjugal transposition and 
transposon-mediated piasmid mobilization properties of each transposon. In these 
experiments the donor was B. subtilis that contained a single insert of either Tr\916 
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or ln925 and either pC194 or pE194. The recipient in these experiments was B. 
thuringiensis subsp. israelensis AN 142. The results of these experiments are 
presented in Tables 2 and 3. 
When B. subtUis AS510 (Tn916, pC194) was the donor, conjugal 
transposition was detected at a frequency of 1.1 x lO-^transconjugants/donor; 
pC194 transfer was detected at a frequency of 1.4 x 10*5 transconjugants/donor 
and both Tn9t6 and pC194 were transferred at a frequency of 6.2 x 10-^ 
transconjugants/donor. In parallel matings in which S. subt/7/s AS511 (Tn925 
pC194) was the donor strain, Tn925 transfer was detected at a frequency of 1.2 x 
10-4; pci94 was detected at a frequency of 2.3 x 10*5 transconjugants/donor, and 
both Tn925 and pC194 transferred at a frequency of 9.2 x 10*8 
tranconjugants/donor. Comparison of Tn916- and Tn925-mediated pC194 
mobilization frequencies during interspecies matings did not reveal statistically 
significant differences (Table 2). 
Next, the abilities of the transposons to mediate transfer of pE194 instead of 
pC194 were compared. The results of these matings are presented in Table 3. 
Transfer of transposons Tn916 and Tn925 was detected at a frequency of 3.6 x 10" 
5 and 5.1 x 10-5 transconjugants/donor, respectively. The mobilization frequencies 
of pE194 by Tn916 and Tn925 were 3.3 x lO'^ and 3.6 x 10*7 
transconjugants/donor, respectively. Transconjugants containing Tn916 orTn925 
and pE194 were not detected. Moreover, mobilization of plasmids pC194 or 
pE194 was not detected during interspecies matings in the absence of the 
transposon (data not shown). 
The results of a Southern hybridization analysis are presented in Figure 1. 
These results demonstrate the two different types of transconjugants isolated from 
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the interspecies matings. During these matings, one type of transconjugant 
contained only the transposon {B. thuringiensis subsp. israelensis AS550 and B. 
thuringiensis subsp. israelensis AS560), whereas the other contained multimer 
elements of plasmid pE194 in the recipient (data not shown). Plasmid pEig4, 
which does not contain Hindlll restriction sites, was not digested. Clal digests were 
used to determine if pE194 was present in multimer arrangements or if there were 
deletions/rearrangements. Plasmid pE194 has a single Clal restriction site. After 
the Clal digestion, single bands were observed that migrated with the monomer 
pE194 standard (Figurel panel D). 
Intraspecies transfer of pC194 and pE 194. 
It was of interest to explore functional differences between Tn916ar\d Tn925 
during intraspecies matings; the results of these matings are presented in Table 2 
and Table 3. 
In matings between B. subtilis AS510 (donor) and B. subtilis AS509 
(recipient), Tn5t5and pC194 transfer was observed at frequencies of 7.3 x 10-7^ 
and 6.0 x 10*^ transconjugants/donor, respectively (Table 2). Both Tn916 and 
pC194 transferred at a frequency of 1.3 x transconjugants/donor. The 
frequency of transfer of Tn925 and pC194 (S. subtilis AS511 as the donor) was 
similar to frequencies of Tr\916 and Tn976-mediated pC194 transfer (Table 2). 
Thus, with both Tn9t6 and Tn925, simultaneous transfer of plasmid and 
transposon was observed in approximately 20% during intraspecies matings, 
whereas co-transfer was observed in fewer than 1% of the transconjugants during 
interspecies matings. 
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Mobilization of pC194 or pE194 was not observed during intraspecies 
matings in tlie absence of transposons. The presence of DNAse in the mating 
medium had negligible effect on the transfer frequencies (data not shown). 
Interspecies retrotransfer matings. 
Torres et al., (1991) proposed that, in matings involving the conjugative 
transposon Tn925, the transfer of chromosomal markers is accomplished by a 
process resembling a cell-to-cell fusion event. During the cell fusion, a temporary 
complete zygote is fonned. The fomiation of the zygote would explain the isolation 
of transconjugants that had donor chromosomal genes distal to the transposon. 
Inter- and intraspecies matings with donor strains containing the 
transposons Tr\925 or InQ 16 were performed to test the zygote intermediate 
hypothesis. These matings attempted to detect the transposon-mediated transfer of 
plasmids from the "recipient strain" (the strain without chromosomal insert of the 
transposon) to the "donor strain" (strain containing chromosomal insert of the 
transposon). If a fusion between donor and recipient cells forms, it should be 
possible to detect the transfer of plasmids from the recipient cells to the donor cells 
(retrotransfer) when the donor cells have a chromosomal insertion of the conjugal 
transposon. 
The results from interspecies matings are presented in Table 4. In matings 
between 8. subtilis AS504 (donor) and B. thuringiensis subsp. israelensis AB301 
(recipient), transfer of Jn916 and the retrotransfer of plasmid pUBHO were 
detected. When the recipient was B. thuringiensis subsp. israelensis AS302, 
Tn916 transfer was detected, but the retrotransfer of plasmid pC194 was not 
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detected under these conditions. Moreover, similar results were obtained using 
Tr\925 (Table 4). 
To further explore the apparent retrotransfer of pUB110, matings were 
performed with a donor strain that did not have a chromosomal insert of the 
conjugal transposon (S. subtllis AS508), to detemnine if the retrotransfer process 
was dependent on the presence of the transposons. When the recipient strain was 
B. thuringiensis subsp. israelensis AB301, retrotransfer of pUB110 was detected at 
a frequency of 1.7 x 10*5 transconjugants/donor. When the recipient was B. 
thuringiensis subsp. israelensis AS302, retrotransfer of pC194 was not observed. 
Thus, the apparent retrotransfer of plasmids pUB110 was independent of the 
conjugal transposon. 
In modified experiments, the B. subtiiis donor contained plasmid pC194 in 
addition to one of the transposons. These donors were mated with B. thuringiensis 
subsp. israelensis AB301 to detennine if retrotransfer of pUBHO takes place while 
the transfer of the conjugative transposons and pC194 is observed from the donor 
to the recipient. The transfer of pC194 also served as an internal control to 
demonstrate the transfer of genetic material from the donor to the recipient. The 
results of these matings are presented in Table 4. Transfer of Tn916, Tu925 and 
transposon-dependent pC194 transfer was detected at typical frequencies. 
Retrotransfer of plasmid pUB110 during these matings was detected, however, 
again the frequency of the retrotransfer was transposon-independent (Table 4). 
Intraspecies retrotransfer matings. 
Gonzales et al., (1982) reported that many 6. thuringiensis isolates contain 
native self-transmissible plasmids that are capable of mobilizing otherwise non-
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conjugal plasmlds. To eliminate the effects of these native plasmlds or their 
products during piasmid retrotransfer experiments, intraspecies matings between 
B. subtilis donor strains containing chromosomal insertions of Tn916 or Tn925 and 
a recipient strain {B. subtilis AS421) that contained only piasmid pUB110 were 
conducted. The results from these matings are presented in Table 5. When B. 
subtilis AS504 was the donor, Tn975 transfer was observed at a frequency of 2.8 x 
10*5 transconujugants/donor; retrotransfer of pUB110 was not detected under 
these conditions. Similar results were observed in matings when ln925 was used 
as the mobilizing agent. Moreover, retrotransfer of pUB110 was not detected in 
matings in which the donor strains did not contain the chromosomal inserts of the 
transposons (Table 5). 
To confirm the observations, intraspecies matings were conducted with 
donor strains of B.subtiiis containing pC194 as well as one of the conjugative 
transposons. The recipient in these experiments was AS421 (pUB110). Piasmid 
pC194 served as an internal control to demonstrate that the transfer of the piasmid 
and the transposon occurs from the donor to the recipient. The results from 
matings in which B. subtilis ASSW (Tn916) and B. subtiiis AS511 {Tn925) served 
as donor strains is presented in Table 5. In both matings, the transfer of the 
transposons and pC194 was detected; however, the retrotransfer of pUB110 was 
not observed. 
Matings with Rec recipients. 
To detemiine if the transfer of pC194 is a rec-dependent process, matings 
were performed in which the donor B. subtilis (with either Tn9/6 or Tn925 and 
pCl94) was mated with a Rec B. subtilis . The results from intraspecies matings 
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are presented in Table 6. In matings in which the donor strains contained inserts of 
Tn916 or Tn925 with pC194, the transfer frequencies of the transposons and 
pC194 transfer were similar (Table 6), 
Selected transconjugants from intraspecies matings with B. subtilis AS502 
were analyzed by Southern hybridization. Three types of transconjugants were 
identified as shown in Figure 2. One transconjugant type had only the conjugative 
transposon {B. subtilis AS605 and B. subtilis AS606): the second type had only 
plasmid pC194 {B. subtilis AS602 and B. subtilis AS604)), and the third 
transconjugant type had both the conjugative transposon and pC194 (B. subtilis 
AS603 and B. subtilis AS613) (Figure 2). All three types of transconjugants were 
also analyzed for the Rec" phenotype and were detennined to be Rec (data not 
shown). Transconjugants from these matings were also analyzed to determine if 
they received the donor chromosomal fus'^ marker. Fus"" and Rif transconjugants 
were not detected under these mating conditions (data not shown). 
Matings with Rec transconjugants as donors. 
The ability of the Rec* transconjugants (from the previous matings) to serve 
as donors for the conjugative transposons and plasmids was tested. Three 
randomly selected Tet7Cm'' transconjugants from each of the previous matings 
were selected and screened for their ability to transfer the conjugative transposons 
{Jn916 or lx\925) and pC194. The transfer frequencies for the transposons and 
pC194 were similar in all six transconjugants (data not shown). Two Rec" 
transconjugants from each of the matings (B. subtilis AS603 and B. subtilis AS613) 
were then picked and used as donor strains during intraspecies matings with Rec** 
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B. subtilis AS509 and during interspecies matings with B. thuringiensis subsp 
israelensis AN 142. The results from these matings are presented in Table 7. 
When B. subtilis AS603 (Rec~) was used as a donor for matings with B. 
thuringiensis AN142, the transfer of Tn916 and pC194 was detected at a frequency 
of 8.1 X 10-5 and 1.5 x 10"® transconjugants/donor respectively, whereas both 
Tr]916 and pC194 were detected at a frequency of 4.5 x lO-^ 
transconjugants/donor. Similar results were observed during interspecies matings 
in which the donor strain (S. subtilis AS613: Rec") contained transposon Jn925 
and plasmid pC194 (Table 7). Transfer of plasmid pC194 was not detected in 
matings in which the transposons were absent from the donor strains (Table 7). 
During intraspecies matings between B. subtilis AS603 (Rec") and B. subtilis 
AS509, the transfer of Jn916 and pC194 was detected at a frequency of 3.5 x lO'^ 
and 9.6 x 10-5 transconjugants/donor, respectively; both ln916 and pC194 were 
transferred at a frequency of 3.4 x 10*5 transconjugants/donor (Table 7). In matings 
using B. subtilis AS513 (Rec", Jn925 and pC194), TnS25-transfer was observed at 
7.1 X 10-5 transconjugants/donor, pC194 at a frequency of 1.7 x 10*5 
transconjugants and both Jr\925 and pC194 at a frequency of 4.3 x 10*® 
transconjugants/donor (Table 7). The presence of DNAse in the mating medium 
did not effect the transfer frequencies (data not shown). 
DISCUSSION 
Conjugative transposons Tn916 and Tn525 exhibit a high degree of 
homology (Christie and Dunny, 1986). The functional comparison of ln916 and 
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Tn925 in isogenic strains presented lierein sliows that Tn916 and Tn925 exhibit 
functional similarities as well. 
Several reports have shown transfer of non-conjugal plasmids by 
conjugative transposons Tr\916 and Tr\925. Naglich and Andrews (1988b) 
demonstrated Tn575-dependent transfer of plasmids pC194 and pUB110 from B. 
subtilis to B. thuringiensis subsp. israelensis. Flannagan and Clewell (1991) 
demonstrated Tn976-mediated transfer of plasmid pAM401 and pVA749 during 
Enterococcus faecalis intraspecies matings. pAT142 was also shown to be 
cotransferred with TngiSinM during B. subtilis X E. faecalis matings by Bringel et 
al., (1992). The mobilization of plasmids by Tr\916 and Jn925 has been obsen/ed 
to occur at different frequencies. The Tn976-mediated transfer has been observed 
at low frequencies (less than 2%), whereas Tnd^^S-mediated transfer of plasmids 
pUBIIO or pTVI has been reported to occur much more frequently (Guffanti et al., 
1991). Flannagan and Clewell (1991) offered an explanation for the observed 
differences between Tn916 and Tn525-mediated mobilization of non-conjugal 
plasmids. They suggested that the obsen/ed differences might be the result of the 
difference in the pore size generated by the two othenn/ise similar transposons. 
Tn925-mediated transfer of plasmids occurs at a greater frequency than Tn916-
mediated transfer because Tn925 generates a larger conjugal pore than that of 
Tt\916. The observed differences may also be the result of the different mating 
systems used in the afore-mentioned studies. Not only are different genera and 
species used in the comparison of ln916 and Tn925, but different non-conjugal 
plasmids and environmental conditions were used as well. Using isogenic strains 
and performing filter-matings under identical environmental conditions eliminated 
many of the variables associated with different mating systems. This enabled the 
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direct comparison of 7n916 and Tn925. During inter- and intraspecies matings, 
Tn925-mediated piasnnid transfer frequencies were observed to be very similar to 
the frequencies observed for Tn9t6-mediated transfer. 
Franke and Ciewell (1981) demonstrated that transposition of Jn916 is a 
reo-independent event. By using Rec" strains they demonstrated that not only are 
Tr\916 and Tn925 transfers rec-independent, but the mobilization of pC194 by 
either of the conjugal transposons is also rec-independent. Additionally, the 
frequencies with which the conjugative transposons mobilized pC194 were 
comparatively similar. 
Having demonstrated functional similarity between Tn976and lr\92S, it was 
of interest to further examine the differences by testing the fusion model proposed 
by Torres et a!., (1991). This model proposes a temporary fusion of donor and 
recipient cells, resulting in the formation of a zygote. During the zygote formation, 
recombination would take place between the donor and recipient genomes. After 
the recombinational event, the resultant transconjugant would contain some of the 
genes from the donor and some from the recipient cells. 
Two methods were used to test for fomnation of the zygote. One method was 
to look for the transfer of plasmids from the recipient to the donor (retrotransfer). 
Retrotransfer of plasmids should only occur when the donor strain contained a 
chromosomal insert of Tn916 or Tn925 because the conjugative transposons 
would provide the conjugal and mobilizing functions. If zygote formation is a 
common event, then the mixing of the cytoplasm should result in the formation of 
transconjugants that not only have the chromosomal markers of the donor but also 
have the plasmids which have been "transferred" from the recipient. 
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During interspecies matings between B. subtilis and B. thuringiensis subsp. 
israelensis AS302, retrotransfer of plasmid pC194 was not detected even though 
the transfer of the conjugative transposons was demonstrated. Interestingly, when 
B. thuringiensis subsp israelensis AB301 was used as the recipient, the 
retrotransfer of pUB110 was observed, but this event was independent of the 
transposon. In control matings in which the donor was free of Tn916 or Tn925, 
transfer of pUB110 from B. thuringiensis subsp. israelensis AB301 (recipient) to S. 
subt i l is (donor) was detected at a frequency of approximately 10-5 
transconjugants/donor. Thus, pUBIIO was transferable by B. thuringiensis subsp. 
israelensis AB301 native plasmids, but pC194 was not. 
To confirm unidirectional transfer of genetic material from the donor to the 
recipient, plasmid pC194 was included in the donor to serve as an additional 
internal control. During these matings, the transfer of the transposons and pC194 
from the donor to the recipient was obsen/ed, however, significant differences in 
the retrotransfer frequency of pUB110 from B. thuringiensis subsp. israelensis 
AB301 were not observed (Table 4). These observations demonstrate that both 
Tn916 and Tn925 mediate the transfer of pC194 from the donor to the recipient 
during these matings. Importantly, this transfer is unidirectional. 
The retrotransfer frequency of pUBHO from S. thuringiensis (recipient) to B. 
subtilis (donor) was not affected by the presence of Tn976 or Tn925. Polak and 
Novick (1982) demonstrated that plasmid pBC16 from B. subt i l is (natto) has 
extensive homology with the Staphylococcus aureus plasmid pUB110. The 
mobilization of pBCIB by pLS20 was demonstrated during matings between B. 
subtilis and B. thuringiensis {Koeh\er and Thome, 1987). However, using the same 
kinds of experiments, they were unable to demonstrate the mobilization of pC194 
65 
by pLS20. Selinger et al., (1990) identified that open reading frame p of pUB110 
and the corresponding homologous region of pBC16 are essential for mobilization 
by pLS20. Our observation of pUB110 "retrotransfer" is likely the result of 
endogenous plasmids present in B. thuringiensis. The most likely plasmid 
responsible for our observation would be pX016. Plasmid pX016 is a self-
transmissible plasmid found in B. thuringiensis subsp. israelensis which is capable 
of mobilizing pBC16 (Reddy et al., 1987). Because of the homology between 
pBC16 and pUB110 It is likely that pX016 is the mobilizing agent for pUB110. The 
observation that Jn916 can mobilize both pUBIIO and pC194 whereas pLS20 
mobilizes only pUBIIO leads one to conclude that the transposon-mediated 
mobilization of these plasmids occurs by a mechanism different than for pLS20. 
The mechanism of Tn^tS-mediated plasmid mobilization may still involve a region 
shared by both pUBIIO and pC194, but this is not the mob region identified by 
mobilization experiments using pLS20. 
The results from intraspecies matings also yielded similar observations. 
Namely, the transfer of conjugal transposons Tn916 and Tn925 was observed at 
similar frequencies. Retrotransfer of pUBIIO from B. subtilis AS421 was not 
detected under those conditions, and retrotransfer of pUBIIO was not detected in 
the absence of conjugal transposons (Table 5). These results strongly suggest that 
complete mixing of donor and recipient cytoplasm during Jn916- or Jt\925-
mediated conjugations is not a frequent event. 
The second method by which we assayed for the fusion model was tojsolate 
transconjugants from intraspecies matings that received donor chromosomal 
antibiotic-resistance markers during the matings. If there was a complete mixing of 
the genetic material and recombination did take place then, transconjugants which 
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were resistant to the donor chromosomal antibiotic markers should have been 
detected. Such transconjugants were not detected by using the conditions 
presented in this study. 
All of the genetic transfers were unaffected by the presence of 200 ^g 
DNAse in the mating medium. These observations minimize the possibility of 
genetic exchange taking place by transformation. 
In addition to using isogenic strains, all donor strains contained a single 
insert of the conjugative transposon. It has been reported that the location of 
Tr\916 has an effect on its transpositional frequency (Jaworski and Clewell, 1994). 
From the data contained herein it would seem that Tn916 and Tr)925 were located 
at chromosomal sites that promote equal transposition frequencies because both 
Tn916 and 7n925 transferred at similar frequencies. 
The comparison of Tn976and Tn925 in isogenic strains demonstrates their 
functional similarities based on the following observations: 
i) The transfer frequency of Tn916 and Tn925 were similar during 
inter- and intraspecies matings. They were also similar in matings in which 
Rec^ donors and Rec" recipients were used. 
ii) Both Tn916 and Tn925 mobilized plasmids pC194 and pE194 at 
similar frequencies during inter- and intraspecies matings. 
ill) Conjugative transposons Tn916 and Tn925 did not influence the 
retrotransfer of plasmids pUBIIO or pC194 during inter- or intraspecies 
matings. 
iv) During intraspecies matings, transconjugants were screened to 
determine if any had received chromosomal antibiotic markers from the 
donor; such transconjugants were not detected. 
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Thus, the observations herein show that Tn916 and Tn925 are, from a 
functional point of view, much more closely related than previous reports have 
suggested. The differences previously reported probably result from differences in 
the genetic backgrounds rather than from Innate differences in the transposons 
themselves. 
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Table 1 
Strains used in this study. 
strain Genotvpe or Phenotvpe Origin or Reference (source) 
Bacillus subtilis 
AS405 trp, [ch::Tn9yq, pE194 Created for this study 
AS406 trp, [ch::TnS2^, pE194 Created for this study 
AS421 tfp,rir,pUB110 Laboratory stock 
AS500 trp, [ch::Tn92^ Created for this study 
AS502 rif. RecE4 BGSC#1A46® 
AS504 trp, (ch::Tn976] Created for this study 
AS508 trp, fus"" Laboratory stock 
AS509 trp, nov"" Laboratory stock 
AS510 trp, fus^ [ch:;Tn9l6], pC194 Created for this study 
AS511 trp, fus^ [ch::Tn92^, pC194 Created for this study 
AS602 trp, rif^ rec", pC194 This work 
AS603 trp, rif, rec", [ch::Tn9tQ, pC194 This wori< 
AS604 trp, rif', rec', pC194 This wori< 
AS605 trp, riff, rec, [cli::Tn9^6] This work 
AS606 trp, rif^ rec", [ch::Tn925] This work 
AS612 trp, rif, reC, pC194 This work 
AS613 trp, rif^ rec", [ch;:Tn925], pC194 This work 
Bacillus thuiinglensis 
subsp. Israelensis 
AN142 kan"" Naglich and Andrews (1988b) 
AB301 rif, strf, pUBIIO Laboratory stock 
AS302 kan^ pC194 Showsh and Andrews (1992) 
AS550 kan*", Tn916 This work 
AS560 kan"", Tn925 This work 
AS555 kan'', pE194 This work 
AS556 kan"", pE194 This work 
Enterococcus faecalls 
AP2(CG110ISP871) [ch::Tn9r^ Gawron-Burke and Cleweli (1982) 
AN170 [ch:;TnS251 Laboratory stock 
®BGSC=Bacillus Genetic Stocic Center. 
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Table 2 
Comparison of Tn916 and Tnd25 transfer frequencies and their mobilization 
frequencies of plasmid pC194 during inter- and intraspecies matings. 
Donor Recipient Trial Frequency^ 
Tet b Cam'^ Tet.Cam'^ 
B. subtllis AS510 B. thuringlensis 1 1.60 X 0'® 1.70x10-6 2.50x10-7 
(TnSre, pC194) subsp. israelensis AN142 2 3.10 X 0-4 3.90x10-5 1.40x10-6 
3 1.20 X 0-5 2.90x10-6 2.00x10-7 
Ave: 1.13X 0-4 1.45x10-5 6.17x10-7 
Std. Dev; 1.71 X 0-4 2.12x10-5 6.79x10-7 
B. subtilis AS5^0 6. subtilis AS509 1 l.lOx 0-6 1.30x10-6 Not done 
(TnSre, pC194) 2 3.30 X 0-7 2.30x10-7 2.10x10-7 
3 3.00 x 0-7 Not done Not done 
4 1.20 X 
(O b 2.80x10-7 5.10x10-8 
Ave: 7.33 X 0-7 6.03x10-7 1.31 x10'7 
Std. Dev: 4.84 X 0-7 6.04x10-7 1.12x10-7 




(Jn925. pC194) subsp. israelensis AM 42 2 9.50 X 0-6 1.60x10-7 4.90x10-8 
3 3.50 X 0-4 6.70x10-5 1.40x10-7 
Ave: 1.24 X o
 1 2.30x10-5 9.17x10-8 
Std. Dev: 1.96 X 
1 o 3.81 x 10-5 4.58x10-8 
6. subtilis AS511 B. subtilis AS509 1 1.00 X 0-6 8.30x10-7 8.30x10-7 
(Tn92S, pC194) 2 7.00 X O 1 Not done Not done 
3 1.20 X 
CO 1 o 1.20 X 10-7 1.20x10-7 
Ave: 9.67 X o
 1 4.75x10-7 4.75x10-7 
Std. Dev: 2.52 X 0-7 5.02x10-7 5.02x10-7 
^Frequency expressed in terms of transconjugants/output donor. 
^et=transconjugants with a tetracycline plienotype. 
<^Camstransconjugants witin a chloramphenicol phenotype. 
^et,Cam=transconjugants with a tetracycline and chloramphenicol phenotype. 
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Table 3 
Comparison of Tn916 and Tn925 transfer frequencies and tlieir mobilization 
frequencies of plasmid pE194 during Inter- and intraspecies matings. 
Donor Recipient Trial Frequency^ 
Tet'J Erm® Tet, Erm*^ 
1 1.50x10*5 1.40x10-7 N.D.e 
2 1.10x10-5 8.70x10-® N.D. 
3 6.60 X10-® 4.40 X 10-® N. D. 
4 7.90x10-6 3.30 X 10-8 N. D. 
5 3.90x10-5 4.50 X 10-7 N. D. 
6 1.40 xlO-'^ 1.20x10-6 N. D. 
Ave.': 3.66x10-5 3.26x10-7 
Std. Dev.9: 5.20x10-5 4.55x10-7 
1 2.40 x 10-7 N.D. N. D. 
2 2.50 X10-'' N.D. N.D. 
3 6.40x10-7 6.00x10-® N. D. 
4 2.20x10-7 N. D. N. D. 
Ave.: 3.38 x 10-7 1.50x10-® 
Std. Dev.: 2.02 X 10-7 
B. subtilis AS405 
(Jn916, pE194) 
B. thurlngiensls 
subsp. israelensis fiiWA2 
B. subtilis AS405 
(Jn916, pE194) 
B. subtilis ASS09 
B. subtilis AS406 B. thuringiensis 
(Tn925, pE194) subsp. israelensis AN142 
B. subtilis AS406 B. subtilis AS509 
(Jn925, pE194) 
1 6.00x10-® 2.00 x 10-7 N. D. 
2 7.80x10-5 6.50x10-® N. D. 
3 1.90x10-6 4.60 X 10-® N. D. 
4 1.10x10-6 1.60x10-® N. D. 
5 5.60x10-6 1.00 X 10-7 N. D. 
6 7.60x10-5 7.10 X 10-7 N. D. 
7 1.90x10-4 1.40x10-6 N. D. 
Ave.: 5.12x10-5 3.62x10-7 
Std. Dev.: 7.03x10-5 5.17 X 10-7 
1 4.60x10-7 N.D. N. D. 
2 3.80x10-7 N. D. N. D. 
3 5.70x10-7 2.70x10'® N. D. 
4 6.70x10-7 N. D. N. D. 
Ave.: 5.20x10-7 6.75x10-9 
Std. Dev.: 1.27x10-7 
^Frequency expressed in terms of transconjugants/output donor, 
'^etstransconjugants with a tetracycline phenotype. 
^Erm=transconjugants with an erythromycin phenotype. 
^et, Emr)=transconjugants with the tetracycline and erythromycin phenotype. 




Recipient Donor Triai Frequency^ 
Tet Cam Retrob 
B. subtills AS504 1 1.30x10-4 NAC 2.90x10-5 (Tn976) 
2 3.50 X 10-5 NA 1.30x10-6 
Ave.*^: 8.25 X 10*5 1.52x10-5 
Std.Dev.d; 6.72 X 10-5 1.96x10-5 
B. subtilis AS500 1 4.50x10*5 NA 3.20x10-5 (Tn925) 
2 8.90 X 10-5 NA 3.30x10-5 
Ave.: 6.70x10-5 3.25x10-5 
Std.Dev.; 3.11 X 10-5 7.07x10-7 
B. subtilis AS5^0 1 2.00x10-5 7.70x10-6 1.40x10-5 (TnGie, pC194) 
3.10x10"® 1.60x10-6 1.70x10-6 2 
Ave.: 1.16x10-5 4.65x10-6 7.85x10-6 
StdDev.: 1.20x10-5 4.31 x 10-6 8.70x10-6 
B. subtiiis AS511 1 1.90x10-5 8.90x10-6 8.10x10-6 (Tn925, pC194) 
2 6.70x10-4 1.00x10-4 4.60x10*5 
Ave.: 3.45x10-4 5.45x10-5 2.71 x 10*5 
Std. Dev.: 4.60x10-4 6.44x10-5 2.68x10*5 
B. subtilis AS508 1 NA® NA 2.70x10*5 
2 NA NA 8.10x10*6 
Ave.: 1.76x10*5 
Std.Dev.: 1.34 x 10*5 
B. subtilis AS504 1 3.40x10-4 NA ND' (Tn976) 
2 6.70x10-5 NA ND 
Ave.: 2.04x10-4 
Std.Dev.: 1.93x10-4 
B. subtilis AS500 1 8.50x10-5 NA ND (Tn925) 
2 1.80x10-4 NA ND 
Ave.: 1.33x10-4 
Std.Dev.: 6.72x10-5 
B. subtilis AS508 1 NA NA ND 
2 NA NA ND 
r^equencystransconjugants / output donor. 
'^ RettD=Retiotransfer. The transfer of plasmids from the recipient to the donor. 
•^ Ave.-average. 
''std. Dev.=Standard deviation. 
A =Not applicable to this mating. 
N D=Not detected. 
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Table 5 
Intraspecies comparison of Tnd76and Tnd25 retrotransfer frequencies of plasmid 
PUB110. 
Donor Recipient Trial Freauencv^ 
Tet" Cam® Retro^ 
B. subtilis AS504 B. subtilis AS421 1 3.30 X 10'® NA® ND' (Tn9/6) (pUBIIO) 
2 5.40x10-5 NA ND 
Ave.9: 2.87x10-5 
Std.Dev.fi; 3.59x10-5 
B. subtilis AS500 B. subtilis AS421 1 1.40 x 10-5 NA ND (Tn925) 
2 9.60 x 10-® NA ND 
Ave.: 1.18x10-5 
Std.Dev.: 3.11 xlO-6 
B. subtilis AS5\0 B. subtilis AS421 1 3,90 X 10-5 8.90x10-® ND (Jn916. pC194) 
2 1.20x10-5 2.60x10-® ND 
3 5.40 X 10-5 1.90x10-5 ND 
Ave.: 3.50 X 10-5 1.02x10-5 
Std.Dev.: 2.13 X 10-5 8.27x10-® 
B. subtilis AS511 B. subtilis AS421 1 4.80 X 10-5 1.40x10-5 ND (T(\925. pC194) 
2 1.20 X 10-"^ 2.60x10-5 ND 
3 1.20 X 10-5 3.80x10-7 ND 
Ave.: 5.64 X 10-5 1.35x10*5 
Std.Dev.: 5.98x10-5 1.28x10-5 
B. subtilis AS509 B. subtiiis AS421 1 NA NA ND 
2 NA NA ND 
3 NA NA ND 
Ave.: 
Std.Dev. 
^Frequency as expressed in terms of transconjugants/output donor. 
''Tetstransconjugants with a tetracycline phenotype. 
'^Cani=transconjugants with a chloramphenicol phenotype. 
'^Retrosretrotransfer. The transfer of plasmid pUB110 from the recipient to the donor. 
®N A=Not Applicable. 
'n 0=Not Detected under these conditions. 
9Ave.=Average. 
^Std. Dev.=Standard Deviations. 
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Table 6 
Intraspecies comparison between B. subtilis (donor) containing Tn916 or7r\925 
and pC194 w'rth RecE recipients. 
Donor Recipient Trial Frequency® 
Tet" Cam*^ Tet.Cam^ 
B. subtilis AS510 B. subtilis AS502 1 5.80x10-8 2.50x10*7 not done 
(Tn916. pC194) (RecE) 2 5.20x10*7' 3.50x10*7 not done 
3 3.00x10*7 not done 7.80 X 10*8 
4 1.20x10*6 2.80x10*7 5.10 X 10*8 
5 8.60x10-7 3.60 X 10*7 1.20x10*7 
Ave.®: 5.88x10*7 3.10x10*7 8.30 x 10-8 
Std.Dev.t' 4.52x10*7 5.35 X 10*8 3.48 x 10*8 
B. subtHfs AS511 B. subtilis AS502 1 7.60 x 10*7 8.10x10*8 not done 
(Tn 925, pC194) 2 6.30x10*7 1.40X10*7 not done 
3 2.90x10*7 not done 1.70x10*7 
4 1.30x10*6 1.20x10*7 1.20x10*7 
5 1.20x10*6 3.80x10*7 2.50 X 10*7 
Ave.: 8.36x10*7 1.80x10*7 1.80x10*7 
Std.Dev.: 4.17x10*7 1.35 X 10*7 6.56 X 10*8 
^Frequency as expressed in terms of transconjugants/output donor, 
^etstransconjugants with a tetracycline phenotype. 
^Cam=transconjugants with a chloramphenicol phenotype. 
^et,Cann=transconjugants with a chloramphenicol and tetracycline phenotype. 
®Ave.=Average. 
'std. Dev.sStandard Deviation. 
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Table 7 
inter- and intraspecies comparison between tlie transfer frequencies of conjugal 
transposons Tr\916 and Tn925 and their ability to mobilize plasmid pC194 in a 
Donor Recipient Trial Preauencv^ 
TetlJ Cam'^ Tet, Cam'' 
B. subtilis AS603 
(Jn916. pC194) 
0. thuringiensis 









Ave.®: 8.10x10-5 1.50x10-5 4.55x10-7 
Std.Dev.': 6.93x10-5 1.41 XIO-® 3.61 x 10-7 




1 8.50x10-5 8.80x10-6 9.00x10-8 
2 8.00x10-5 1.20x10-5 2.60x10-7 
Ave.: 8.25x10-5 1.04x10-5 1.75x10-7 
Std.Dev.: 3.54x10-6 2.26x10-6 1.20x10-7 
B. subtilis AS603 B. subtilis AS509 1 1.00x10-5 2.80x10-6 9.80x10-7 
2 6.90x10-4 1.90x10-4 6.80x10-5 
Ave.: 3.50x10-4 9.64x10-5 3.45x10-5 
Std.Dev.: 4.81 x 10-4 1.32x10-4 4.74x10-5 
B. suM//s AS613 B. subtilis AS509 1 2.20x10-5 6.30x10-6 1.10x10-6 
2 1.20x10-4 2.70x10-5 7.50x10-6 
Ave.: 7.10x10-5 1.67x10-5 4.30x10-6 
Std.Dev.; 6.93 x 10-5 1.46x10-5 4.53x10*6 
B. subtilis AS602 
(pC194) 
B. subtilis AS612 
(pC194) 
B. subtilis AS509 





















^Frequency as expressed In terms of transconjugants/donor. 
''Tet=transconjugants with a tetracycline phenotype. 
<^Cam=transconjugants with a chloramphenicol phenotype. 
^Tet,Cam=transconjugants with a tetracycline and chloramphenicol phenotype. 
®Ave.=Average. 
'std. Dev.sStandard Deviation. 
SN. D.=Not Detected under these conditions. 
Figure 1. Southern hybridization analysis of transconjugants from interspecies 
matings with donor strains containing conjugative transposons and 
piasmid pE194. After the DNA was extracted from donors, recipient 
and potential transconjugants it was digested with Hindi!I, (Panels A 
and B) or Clal (Panels C and D), and then separated by using agarose 
gel electrophoresis. Panel (A) and Panel (C) Ethidium bromide-
stained 0.8% agarose gel. Panel (B) Southern hybridization analysis 
of DNA from panel A after transfer to Hybond-N membrane. The probe 
used is 32p labeled pAM120. Panel (D) Southern hybridization 
analysis of the membrane from panel C . The probe used was 32p 
labeled pEig4. Lane assignments for panels A and B: (2,13) 
lambda standards, (3) pAM120, (4) pE194, (6) B. subtilis AS405, (7) B. 
subtilisASAOB, (8) S. thuringiensis subsp. /srae/ens/s AN 142, (9,10) 
Tef transconjugants AS550 and AS560 respectively, (11,12) Erm^ 
transconjugants AS555 and AS556. Lane assignments for panels 
C and D: (2,14) lambda standards, (4) pE194, and (6,8) Erm*" donors, 
AS405, AS406, (10,12) Erm"" transconjugants AS555 and AS556 
respectively. 
B 














Figure 2. Southern hybridization analysis from intraspecies matings with Rec" recipients. The DNA was extracted 
from all of the strains, digested with Hindlll and then separated using agarose gel electrophoresis. 
Panel (A) Ethidium bromide-stained 0.8% agarose gel. Panel (B) Southern hybridization analysis 
of DNA from panel A after DNA transfer to Hybond-N membrane. The probe used is 32p labeled 
pAM120. Panel (C) Southern hybridization analysis of the membrane from panel B after pAM120 
was removed. The probe is 32p labeled pC194. Lane assignments: (1,14) lambda standards, (2) 
pC194, (3) pAM120, (5) B. subtllis AS5A0, (6) B. subtilis AS511, (7) B. subtilis AS502, (8,9) Tet^CamS 
transconjugants AS605 and AS606 respectively, (10,11) Tet^Cam"" transconjugants AS603 and 
AS613 respectively, and (12,13) TetS.Cam'" transconjugants AS802 and AS604. 
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CHAPTER 4. ANALYSIS OF THE REQUIREMENT FOR A pUB110 
mob REGION DURING Tn^yfi-DEPENDENT MOBILIZATION 
A paper to be submitted to tlie Journal Plasmid 
Sasha A. Showsh and Robert E. Andrews Jr. 
ABSTRACT 
Tn976-dependent mobilization of nonconjugative plasmids pUB110 and its 
derivative pUBHOAm were compared. Plasmid pUBHOAm was created by 
deletion of a 787 bp fragment from the mob region of pUBIIO. During matings 
between Bacillus subtilis and Bacillus thuringiensis subsp. israelensis 7n916-
dependent mobilization of plasmids pUB110 and pUB110Am was observed at a 
frequency of approximately 2 x 10"® transconjugsants/donor. The presence of 
ONAse in the mating medium had a negligible effect on transfer frequencies of 
Tn916 or plasmids pUB110 and pUBIIOAm. The results show that Tn916-
mediated conjugal transfer of plasmids is mod-independent. 
INTRODUCTION 
In bacterial conjugation, large conjugative plasmids encode the necessary 
information for their transfer from the donor cell to the recipient cell. If a small 
nonconjugative plasmid coresides with the conjugative plasmid in the donor, some 
smaller plasmids will be mobilized. In addition to the requirement of a coresident 
plasmid with conjugative functions, the mobilization of nonconjugative plasmids 
requires the presence of a functional mob gene(s) and a sequence speciflying the 
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origin of transfer on the non-conjugative plasmid (Projan and Archer, 1989; 
Derbyshire et al., 1987; Finnegan and Sherratt, 1982; Warren et al., 1979). 
Mobilization of small nonconjugative plasmids has been observed in Gram-
negative (Derbyshire et al., 1987; Warren et al., 1979) and in Gram-positive 
bacteria (Projan and Archer, 1989; Selinger et al., 1990; Priebe and Lacks, 1989; 
Battisti et al., 1985). 
In bacteria several related conjugative transposons have been described. 
These conjugative transposons include Jn916 (Franke and Clewell, 1981), Tn919 
(Fitzgerald and Clewell, 1985), Tn925 (Christie et al., 1987), Tn1545 (Courvalln 
and earlier, 1986), and Tr\4399 (Hecht and Malamy, 1989). Moreover, conjugative 
transposons Tn976 (Naglich and Andrews, 1988a), Tn925 (Guffanti et al., 1991) 
• and Tn4399 (Hecht and Malamy, 1989) have been shown to mobilize 
nonconjugative plasmids. 
Selinger et al., (1990) demonstrated that the open reading frame p (ORFP), 
RSa and possibly other sequences 5' to ORFP are essential for mobilization of 
pUBIIO by pLS20 in matings between Bacillus subtilis and Bacillus pumilis. 
Moreover, they demonstrated that pLS20 was unable to mobilize plasmid pC194. 
However, cloning a region 5' to ORFp onto a nonmobilizable pC194:pUC18 hybrid 
plasmid resulted in the mobilization of the hybrid plasmid by pLS20. We are 
interested in the mechanism of Tnd76-dependent mobilization of plasmids in B. 
subtilis. in this paper we demonstrate that Mob is not required for the mobilization 
of pUB110byTn976. 
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MATERIALS AND METHODS 
Bacteria! strains and growth media. 
The bacterial strains and plasmids used In this study are listed in Table 1. 
All of the donor strains constructed for this study are derivatives of B. subtilis AS504 
which has been shown to contain a single insert of Tnd76 (manuscript submitted). 
Plasmid DNA (pUBHO or pUB1 lOAm) were used to transfomi competent B. subtilis 
AS504 as described by Naglich and Andrews (1988a, b). 
Growth of all liquid cultures was in 250-ml Erienmeyer flasks containing 100 
ml of LB broth (10 g tryptone, 5 g yeast extract, 10 g NaCI, 1 L distilled H2O, 
pH=7.5) at 30°C. The liquid cultures were grown on a rotary shaker at 250 rev/min. 
The concentration of antibiotics used were as follows: ampicillin (100M,g/ml), 
kanamycin (20 |xg/ml), rifampicin (100 |ig/ml), and tetracycline (10 ng/ml). All of the 
antibiotics were purchased from Sigma Chemical Company (Sigma, St. Louis, 
MO). 
Filter mating procedure. 
The filter mating procedures were as previously described (Showsh and 
Andrews, 1992). To maintain the plasmids and Tn976 antibiotics were included in 
the overnight and pregrowth flasks (Naglich and Andrews, 1988b). To eliminate 
the possibility of transformation DNAse (200 }ig/ml) was included in selected 
mating media (Naglich and Andrews, 1988b). 
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Isolation and analysis of plasmid DNA. 
Plasmid DNA was isolated from Escherichia coli using the QIAprep-spin kit 
following the protocol recommended by the manufacturer (Qiagen Inc., Chatsworth, 
CA). Plasmid DNA was isolated from B. subtilis and B. thuringiensis using the 
QIAprep-spin kit with one modification; the cells were preincubated (1 h) at 37°C in 
the resuspension buffer containing 1.5 mg lysozyme/ml (S. subtilis) or 15 mg 
lysozyme/ml (S. thuringiensis ). Lysozyme was purchased from Sigma Chemical 
Company. The isolated plasmid DNA was used for plasmid analysis and cloning. 
Restriction endonucleases were used to digest the plasmid DNA as described by 
the manufacturer (BRL Life Technologies, Gaithersburg, MD). The DNA digests 
were analyzed by agarose gel electrophoresis (0.7% w/v) as described by Maniatis 
et a!., (1982). The gels were stained in distilled water containing ethidium bromide 
(1 mg/ml) and visualized by using a UV transilluminator (300 nm). 
Construction of plasmid pUB110 Am. 
The construction of plasmid pUBIIOAm is illustrated in Figure 1. Plasmids 
pUB110 and p34H were digested with restriction enzyme BamHI and ligated with 
T4 llgase as described by the manufacturer (BRL). The ligated product was 
transformed into competent E coli DHSa as described by Maniatis et al., (1982). 
Selection for transformants with the chimeric plasmid pUB110:p34H was 
performed by selecting for kanamycin and ampicillin resistant (Kan**, Amp"") 
colonies. E. coli transformants with the chimeric plasmid pUB110:p34H were 
designated E. coli ASS. 
E coli ASS plasmid DNA was extracted and digested with EcoRI resulting in 
three fragments (Fig.2, Panel A, Lane 8). The largest fragment was excised from 
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the gel; the DNA was electroeluted from the gel slices using a Centrilutor micro-
electroelutor (Ambico, Danvers, MA). The isolated DNA was extracted with phenol-
chloroform before ethanol precipitation (Maniatis et al., 1982). The resulting 
plasmid DNA was joined by using T4 ligase as described by the manufacturer 
(BRL): it was then used to transfonn competent cells of B. subtilis AS504. 
RESULTS 
Analyses of pUB110 Am constructs. 
Analyses of the pUBHOAm construct are presented in Figure 2 Panel A. 
Lane 5 contains the plasmid DNA extracted from E. coli ASS (pUB110:p34H) that 
had been digested with restriction enzyme BamHI. The presence of two fragments 
which have the same size as the insert (pUBIIO, Lane 3) and vector (p34H, Lane 
4) DNA demonstrates that the ligation of BamHI cut pUB110 and p34H had been 
successful. Because pUB110 is a Gram-positive vector the only way it could be 
propagated in a Gram-negative background is by ligating it into a vector which can 
replicate in a Gram-negative background. Lanes 6, 7, and 8 contain EcoRI 
digested pUB110, p34H, and E. coli ASS plasmid DNA respectively. 
As expected, the digestion of E. coli ASS DNA (pUB110:p34H) resulted in 
the generation of three fragments (Fig.2, Panel A, Lane 8). The smallest fragment 
is approximately 800 bp of which a 787 bp is from the mob region of pUB110 and 
the remainder Is from the vector DNA (p34H). The second smallest fragment (2.8 
kb) corresponds to the p34H vector with the multiple cloning site excised. The 
largest fragment (3,7 kb) is pUB110 with a 787 bp fragment removed from the mob 
region plus 21 bp added to the fragment from the multiple cloning site of p34H. 
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The largest DNA fragment from Lane 8 (Fig.2, Panel A) was excised, ligated and 
analyzed before being used to transform B. subtilis AS504. Figure 2, Panel A lane 
9 contains pUBHOAm that was used to transform competent B. subtilis AS504. 
The fragment size corresponds to the approximate expected value of 3.7 kb that is 
the same as the largest fragment present in lane 8. 
Plasmid profiles of selected B. subtilis transformants (pUBHOAm) are 
presented In Figure 2, Panel B. Wild type pUB110 has single recognition sites for 
restriction enzymes AccI and Xbal at positions 4490 and 464, respectively 
(McKenzie et a!., 1986). Deletion of a 787 bp fragment from the mob region 
between EcoRI and BamHI removes the Xbal site; the Acci recognition site is not 
affected by the deletion of the 787 bp fragment. Therefore, the digestion of 
pUBHOAm with AccI produces a linear plasmid with an approximate molecular 
weight of 3.7 kb. Digestion with Xbal does not produce a cut in the construct and 
therefore we observe multimeric forms of the covalently closed circular (occ) DNA. 
Three of the four selected transformants satisfy these expected plasmid profiles 
and are presented in Figure 2, Panel B. 
Tn916 mobilization of plasmids pUB110 and pUB110 Am. 
To determine if Tn916 was able to mobilize pUBIIOAm, a representative 
strain designated 8. subtilis AS725 (Figure 2, Panel B, lane 11) was selected for 
filter-mating experiments with B. thuringiensis subsp. israelensis AN 146. The 
results of such matings are presented in Table 2. When B. subtilis ANSI3 was 
used as a donor strain the transfer of Tn916 and pUB110 was detected at a 
frequency of 7.1 x 10"4 and 2.9 x 10"® transconjugants/donor respectively. Under 
identical mating conditions when the donor strain contained pUB110Am {B. subtilis 
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AS725) instead of pUB110, tiie transfer of Tn916 was detected at a frequency of 
2.9 X 10"4 transconjugants/donor and pUBIIOAm transferred at a frequency of 1.1 
X 10-6 transconjugants/donor. The presence of DNase in the mating medium had 
negligible effect on the transfer frequencies of the conjugative transposon or 
plasmids (Table 2). 
Two types of transconjugants were detected from these matings. One type 
had only the tetracycline resistance phenotype (Tef). These transconjugants 
received only the conjugative transposon Tn916 (data not shown). The second 
type of transconjugant had only the kanamycin resistance phenotype (KanO-
These transconjugants received plasmid pUBIIO or pUBHOAm. Transconjugants 
from B. subtilis AN513 x B. thuringiensis AN146 matings with plasmid profiles 
resembling wildtype pUBIIO were designated B. thuringiensis subsp. israelensis 
AS730; transconjugants from B. subtilis AS725 x B. thuringiensis AN146 matings 
with plasmid profiles resembling pUBHOAm were designated B. thuringiensis 
subsp. israelensis AS731. Tet^Kan'• transconjugants were not detected under 
these conditions during any of the matings (Table 2). 
Plasmid profiles of several B. thuringiensis AS730 and S. thuringiensis 
AS731 transconjugants are presented in Figure 3, Panel A. Lanes 5 and 6 contain 
Kan"" transconjugants (B. thuringiensis AS730) from B. subtilis AN513 x B. 
thuringiensis AN146 matings; lanes 7-11 contain Kan*" transconjugants (S. 
thuringiensis ASTSI) from B. subti/is AS725 x S. thuringiensis kWAQ matings. 
A representative Kani" transconjugant from each mating was selected for 
further plasmid analysis using different restriction enzymes. The results of these 
analyses are presented in Figure 3, Panel B. Panel B represents the donor, 
recipient and transconjugant (S. thuringiensis subsp. israelensis AS730 and B. 
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thuringiensis subsp. israelensis AS731) plasmid profiles after digestion with 
restriction enzymes AccI or Xbal. Digestion with AccI linearized both pUB110 and 
pUBHOAm in the donor strains (B. subtilis AN513 and B. subtilis AS725) and 
transconjugant strains as expected. Digestion with Xbal restriction enzyme 
linearized only pUB110 in B. subf///s AN513 and B. tliuringiensis subsp. israelensis 
AS730 (Fig. 3; Panel B, lanes 9 and 12). Because Xbal also digests B. 
thuringiensis subsp. israelensis native plasmid DNA resulting in fragments 
comigrating with pUB110 in the gel it is difficult to interrpret the observation. 
However, the presence of a band with greater intensity in lane 12 (Fig. 3; Panel B) 
than the bands from native B. thuringiensis plasmids indicates the presence of not 
only Xbal digested native plasmids but also pUBIIO. The migration of similar 
molecular weight (MW) DNA fragments to the same position resulted in a band 
which is much more intense than the band intensity generated by either of the 
plasmids. Plasmid DNA from B. subtilis AS725 (donor containing pUBI 10Am) and 
B. thuringiensis subsp. israelensis AS731 were not digested and were observed as 
multimeric forms of plasmid ccc DNA (Fig. 3; Panel B, lanes 10 and 13). The 
presence of a band just above the 2.4 kb MW marker in lane 13 (Fig. 3; Panel B) 
indicates the presence of uncut pUB110Am in the transconjugant {B. thuringiensis 
AS731). This band also appears as the lowest band in lane 10 (Fig. 3; Panel B) 
which contains plasmid DNA (pUBIIOAm) extracted from the donor {B. subtilis 
AS725). 
Panel C in Figure 3 presents the analyses of plasmids from donors, 
recipients and transconjugants as in Panel B however the plasmids were digested 
with restriction enzyme BamHI or Aval. Both plasmids pUBIIO and pUBIIOAm 
have a single restriction site for BamHI and Aval. Therefore, digestion of plasmids 
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pUB110 and pUB1 lOAm with BamHI resulted in the linearization of the plasmids in 
donors and recipients (Fig. 3; Panel C, lanes 3, 4 and 9, 10 respectively). 
Digestion of the chimeric plasmid pUB110:p34H with EcoRI deleted the original 
Aval site present on pUBIIO (Fig. 1). However, during the construction of 
pUBIIOAm, a new Aval site was introduced from a 21 bp segment of the p34H 
multiple cloning site. As a result of the presence on pUBIIOAm of this Aval 
recognition sequence, pUBIIOAm is digested by Aval as shown in lane 10 (Figure 
3; Panel C). 
Digestion of transconjugant plasmid DNA B. thuringiensis subsp. israelensis 
AS730 and AS731 with BamHI and Aval demonstrates that the plasmids present 
are indeed plasmids pUBIIO wildtype and pUBIIOAm respectively (Fig. 3; Panel 
C lanes 6, 7 and 12,13). 
DISCUSSION 
The results from plasmid analyses of transconjugants B. thuringiensis 
AS730 (pUBIIO), and B. thuringiensis AS731 (pUBIIOAm) in Figure 3 
demonstrate that Tn916 is capable of mobilizing both pUBIIO wildtype and 
pUBI lOAm. Additionally the mobilization frequencies of pUB110 and pUBI lOAm 
by Jn916 are statistically indistinguishable. 
Selinger et al., (1990) demonstrated that pUBIIO ORF-p {mob ), RSa and 
other possible sequences 5' to ORF-p are essential for mobilization by conjugative 
plasmid pLS20. Cloning a region 5' to ORF-p onto a nonmobllizable 
pC194;pUC18 construct resulted in the mobilization of the hybrid plasmid by 
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complementation. Presumably the mobilization of pUBIIO by pLS20 involves the 
action of the mob gene product at the RSa site and at least another region. 
Plasmids pC194, pUBIIO and pE194 are staphylococcal plasmids that 
replicate by using a single-stranded rolling circle mechanism (Gruss and Ehrlich, 
1989). Analysis of protein sequences revealed a high degree of homology 
between the ORF-p of pUBIIO and the pre of pE194 (Priebe and Lacks, 1989). 
Plasmid pC194 and pUBHO are classified in the same plasmid family because 
they share a high degree of homology between the replication origin and the Rep 
protein (Novicl<, 1989). However, pUBHO possesses a recombinational site A 
(RSa) while pC194 does not (Novick, 1989). Even though these three plasmids 
share some degree of sequence and functional homology only pUB110 is 
mobilizable by pLS20. 
Naglich and Andrews, (1988a) demonstrated Tnd76-dependent mobilization 
of pC194 and pUBIIO. We have demonstrated Tn976-dependent mobilization of 
pE194 (manuscript submitted). The results presented herein also demonstrate 
Tn916 -dependent mobilization of a pUBIIO derivative lacking mob (pUBIIOAm). 
Thus, the mob region is not required for the mobilization by Tn916. Accordingly, 
the mobilization mechanism of pLS20 and probably other conjugative plasmids 
appears to be quite different than the mobilization mechanism of conjugative 
transposon Tn916. pLS20 most likely mobilizes pUBIIO by providing the helper 
function much like F plasmid does for ColEI (Finnegan and Sherratt, 1982). The F 
plasmid basically provides the effective contact between donor and recipient while 
ColEI mob gene product provides the nicking function at the Tra region. The result 
is the transfer (mobilization) of ColEI from the donor to the recipient cell. Since 
Mob is not essential for the mobilization of pUB110 by Tn916, and Tn916 mobilizes 
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plasmids which appearently lack a mob gene (pC194) (Naglich and Andrews, 
1988a) then a reasonable explanation for these observations is that the IVlob like 
functions must be provided by the transposon Tr\916. Recently, the sequence 
analysis of Jn916 (Flannagan et al., 1994) revealed that open reading frame (ORF) 
23 had homology to the MbeA mobilization protein of plasmid ColEI. Therefore, in 
addition to the ORF-23 product acting as a potential Mob protein, Int, Xis or as yet 
uncharacterized Tn916 gene product(s) may possess functional properties of Mob 
which can mobilize not only nonmobilizable plasmids but also plasmids which do 
not possess natural mobilization functions. 
We are interested in the mobilization of non-conjugative plasmids by 
conjugative transposon Tn916. The current emphasis of this laboratory is to study 
the mechanism by which Jn916 mobilizes nonconjugative plasmids. 
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Genotype or phenotype Origin or reference (source) 
trp,( pUB110), [chr::Tn9t^ 
trp, [chr::Tn976] 








Naglich and Andrews (1988) 
Laboratory stock 
This study 




Corp., Madison, Wl) 
This study 




Tn9)6-dependent mobilization of plasmids pUBHO and pUBHOAm. 







B. suM/s ANSI 3 B. thuringlensis subsp. 1 8.9x10-4 4.1 xlO-6 N. D.® 
(TnSyftpUBIIO) fe/aetens/s AN146 
2 3.7x10-4 3.4x10"® N. D. 
3 8.8 X 10-4 1.3x10-6 N. D. 
Ave.^ 7.1 X 10-4 2.9x10-6 
Std. Dev.9 2.9x10-4 1.4x10-6 
DNAse^^ 1.3x10-4 1.8x10-6 N.D. 
B. subtilis AS725 B. thuringiensis subsp. 1 1.6x10-4 1.9x10-6 N. D. 
(Tn9^6, pUB1 lOAm) israelensis AN146 
2 6.5x10-5 5.5x10-7 N. D. 
3 6.5x10-4 1.1 xlO-6 N. D. 
Ave. 2.9 X 10-4 1.1 x 10-6 
Std. Dev. 3.1 X10-4 6.7x10-7 
DNAsel^ 3.3x10-4 1.6x10-6 N. D. 
^Frequency=transconjugants per output donor. 
bTet=transconjugants with tetracycline resistance phenotype 
CKan=transconjugants with a kanamycin resistance phenotype. 
dTet,Kan=transconjugants with a tetracycline and kanamycin phenotype. 
®N. D.=Not Detected 
^Ave.=Average. 
9Std. Oev.=Standard Deviation. 
i^DNAse = mating contained 200 p.g DNase/ml in the mating medium. 
Figure 1. Construction of plasmid pUBHOAm. pUBHOAm was constructed by 
ligating BamHI digested pUB110 with p34H to construct the 
pUB110:p34H chimeric plasmid. The chimeric plasmid was digested 
with restriction enzyme EcoRi resulting in the formation of three 
fragments. The largest fragment (Fragment A) was ligated and 
determined to be wildtype pUB110 with an 787 bp fragment deleted 




Ligation of BamHI products 













Figure 2. Restriction enzyme analyses of plasmid constructs and plasmid profiles of selected B. subtilis AS504 
cells transformed with pUBHOAm. (A) Restriction enzyme analysis of the plasmid construct using 
restriction enzymes BamHI (lanes 3-5) and EcoRI (lanes 6-9). Lane assigments the following: (2, 10) 
Hindlll digested lambda standards, (3, 6) pUB110, (4, 7) p34H, (5, 8 ) pUB110:p34H, and (9) 
pUBHOAm. (B) Analysis of plasmid DNA from selected B. subtilis AS725 putative transformants. 
Restriction enzymes used were Xbal (lanes 4-8) and AccI (lanes 9-13). Lanes assigments are the 
following: (2) HinDIII digested lambda standards, (4, 9) pUBIIO and (6, 7, 8, 10, 11, 12 and 13) putative 
B. subtilsis AS725 transformants. 

Figure 3. Restriction enzyme analyses of putative transconjugants from B. subtilis AH5^3 x B. thuringiensis AN146 
and from B. subtllis AS725 x B. thuringiensis AN 146 matings, (A) Plasmid analysis of selected 
transconjugants with a Kani" phenotype. AccI was used as the restriction enzyme. Lane assigments are 
the following: (3, 12) Hindlll digested lambda standards, (4) pUBIIO, (5, 6) putative transconjugants 
from B. subtilis AN513 x B thuringiensis AN 146 matings, (7-11) putative transconjugants from B. subtilis 
AS725 X B. thuringiensis AN 146 matings. (B) Restriction enzyme analyses of donor, recipient and 
transconjugant plasmid DNA using AccI (lanes 2-7) and Xbal (lanes 8-13). Lane assigments are: (1,14) 
Hindu digested lambda standards, (2, 8) pUBHO, (3, 9) B. subtHis AN513, (4, 10) B. subtilis AS725, (5, 
11) B.thuringiensis AW46, (6, 12) B. thuringiensis AS730 and (7, 13) B. thuringiensis AS73A. (C) 
Restriction analyses of donor, recipient and transconjgant plasmid DNA with restriction enzyme BamHI 
(lanes 2-7) and Aval (lanes 8-13). Lane assigments are the same as in panel B. 
B 
4 5 6 7 8 91011 12 1 2 3 4 5 6 7 8 91011 121314 i 1 2 3 4 5 6 7 8 91011 12 1314 
23.1 kb 23.1 kb~ 
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GENERAL CONCLUSIONS 
Our laboratory has been Interested in the mechanism of Tnd76-mediated 
plasmid transfer ever since Nagllch and Andrews (1988b) demonstrated Tr\916-
dependent plasmid transfer. We have demonstrated that the presence of 
tetracycline in the medium increases the transfer of Tn916 and mobilization of 
plasmid pC194 by approximately 20- to 100-fold. The conjugative transposon has 
a teM gene encoding resistance to tetracycline and the plasmids tested for 
mobilization have resistance genes to other antibiotics. The observation that the 
presence of tetracycline increases transfer of both elements strongly suggest not 
only is the conjugative function of Tr\916 increased but the mobilization function is 
increased as well. Yan et al., (1992) demonstrated that the teM gene of Tn576 is 
regulated by transcriptional attenuation and, more importantly for our discussion, 
that there is a low level of read-through beyond the transcriptional terminator of 
tefM. The orientation of the teM gene is such that downstream of teM are located 
the genes necessary for transposition (Flannagan et al., 1994). It is therefore an 
inviting hypothesis that the presence of tetracycline induces the downstream 
genes. 
To gain a better understanding of how Tn916 mobilizes plasmids we 
needed to compare what is known about TnSte-dependent mobilization to what is 
known about other plasmid-mediated mobilization systems. There are a number of 
models we can compare Tn916 mobilization to and they are described in the 
literature review section of the dissertation. 
We needed to ask ourselves if the Tn976-dependent mobilization of 
plasmids is a process of donation or conduction. We consistently obsen/e the 
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formation of three types of transconjugants as a result of Tnsrs-dependent 
mobilization. One type has only Tr\916\ the second type has only the plasmid and 
the third type has both Tn916 and plasmid (pC194) or we do not detect the 
presence of the plasmid with the transposon (as in the case of pE194 and pUB110 
mobilization). These observations suggest Tn9f6-mediated plasmid mobilization 
proceeds by the donation process rather than by the conduction process. If 
mobilization occurs by the conduction process then after the transfer of the plasmid 
in the fomi of a cointegrate the resolution of the cointegrate would fomri 
transconjugants which have both Tr\916 and the plasmid. In other words, most of 
the transconjugants would contain Tn916 and the plasmid. On the contrary, we 
consistently observe transconjugants with both Tn^tfiand plasmid phenotypes to 
be in the minority of the transconjugant population. 
The second question is whether the transfer of Tnd76and plasmids occurs 
by the fusion model proposed by Torres et al., (1992). We believe, we have 
demonstrated that the fusion model as proposed by Torres et al., (1991) does not 
explain Tn976-mediated plasmid transfer. During the matings in which the donor 
strain contained a single chromosomal insert of Tr\916 (B. subtilis) and the 
recipient strain (S. thuringiensis) had pC194 we were unable to detect the donor 
phenotype (6. subtilis) that contained plasmid pC194. If a complete mixing of the 
cytoplasm does occur during the mating process then plasmid pC194 should have 
been detected in the donor as well as in the recipient. We did not obsen/e 
differences between Tnd76and Jr\925 mediated conjugations and therefore 
believe that both of the transposons behave in a similar fashion. 
The second question which must be answered is does the plasmid to be 
mobilized require a functional mob region? Certainly in the systems examined by 
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Selinger et al., (1990), Priebe and Lacks (1989) and Boyd et al., (1989), the answer 
is yes. Naglich and Andrews (1988b) have demonstrated the mobilization of 
plasmid pC194, a plasmid designated to be mob ~ because of its Inability to be 
mobilized by the conjugative plasmid pLS20 (Selinger et al., 1990). Additionally, 
we have demonstrated that deleting a 787 bp fragment from the mob region of 
pUB110 did not affect the mobilization of the construct by Jn916. The Mob or Mob -
like protein is required for the nicking of the plasmid and generating a relaxed form 
for the mobilization by a conjugative plasmid (Lovett and Helinski, 1975). The 
conclusion from these observations is that Tn916 must provide the "nicking" 
function. Indeed, Flannagan et al., (1994) sequenced the entire 18 kb conjugative 
transposon and observed that the open reading frame 23 product shares local 
homology with a relaxase protein of C0IEI. Perhaps this protein that is responsible 
for" nicking " the plasmid at some sequence as yet unidentified and thereby 
mobilizing the plasmid. 
Perhaps Int and/or Xis serve the function of a relaxase in Tnd76-mediated 
plasmid mobilization. It is conceivable that they recognize sequences on the 
plasmid that resemble target sequences for the insertion of Tn976 and erroneously 
introduce a nick. These proteins have been demonstrated to be responsible for the 
integration and excision of Jr\916 and the preferential target sites have been 
demonstrated to be A-T rich regions. Incidentally, plasmids pC194, pE194 and 
pUBIIO all contain such A-T rich regions. 
The final question to be answered is which of the Tnd76 -encoded products 
are responsible for the pre generation and which are responsible for the plasmid 
mobilization? 
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This laboratory is currently pursuing the answer to the last question. Int and 
Xis protein involvement in Tnd7&-mediated plasmid mobilization will be evaluated 
as well as which proteins are responsible for the generation of the conjugal pore. 
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